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Ayfivin and Bacitracin: Resolution of Crude Products 
into Similar Series of Peptides 


By G. G. F. NEWTON anp E. P. ABRAHAM 
The Sir William Dunn School of Pathology, University of Oxford 


(Received 13 February 1950) 


The production of an antibiotic named ayfivin by a 
strain of Bacillus licheniformis was described by 
Arriagada, Savage, Abraham, Heatley & Sharp 
(1949) and by Hills, Belton & Blatchley (1949). 
Ayfivin was extracted and partly purified by Sharp, 
Arriagada, Newton & Abraham (1949), who con- 
cluded that it consisted of several similar poly- 
peptides and that it resembled bacitracin in its 
physical and chemical properties. Arriagada, 
Florey, Jennings & Wallmark (1949) found that the 
biological properties of ayfivin also resembled those 
of bacitracin. The antibiotic bacitracin is formed by 
an organism which was first described as a member 
of the B. subtilis group (Johnson, Anker & Meleney, 
1945), but which has now been classified by Dr K. 
Burdon as a strain of B. licheniformis (Meleney & 
Johnson, 1949). 

Further investigations of ayfivin were undertaken 
with several aims in view. Earlier experiments had 
indicated that the crude product might be resolved 
into inactive products and three or more active 
peptides by Craig’s method of counter-current dis- 
tribution under appropriate conditions. It appeared 
worth while to try to obtain the active constituents 
in a pure form, so that both their chemical and 
biological properties could be compared. Arriagada, 
Florey, Jennings & Wallmark (1949) showed that 
crude ayfivin was able to cure mice of systemic in- 
fections with streptococci or staphylococci, but 
that it caused serious damage to the kidneys. 
Whether the nephrotoxicity of the material was due 
to an impurity, or was a property of one or all of the 
active constituents, was uncertain. It remained 
possible that one of the constituents of ayfivin would 
prove to be a more valuable chemotherapeutic agent 
than the crude product. 

The fact that bacitracin and ayfivin were obtained 
from the culture fluids of similar aerobic spore- 
forming organisms, and that they resembled each 
other in many properties, suggested that some, at 
least, of the peptides present in the two products 
might be identical. The purity of commercial baci- 
tracin was studied by Craig, Gregory & Barry (1949) 
using the method of counter-current distribution 
in a system composed of sec.-butanol and aqueous 
acetic acid. The material behaved as though it were 
largely composed of a single active peptide. But 
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since there was very poor resolution of the com- 
ponents of crude ayfivin on counter-current distri- 
bution in this kind of system (Sharp e¢ al. 1949), the 
question arose whether bacitracin might, neverthe- 
less, contain more than one active constituent. At 
any rate, it seemed desirable to compare bacitracin 
and ayfivin in a system that was favourable for 
separating peptides present in the latter. 

The present paper is concerned with the resolution 
of crude ayfivin by counter-current distribution in 
the system used for preliminary experiments by 
Sharp et al. (1949), and with the comparative be- 
haviour of ayfivin and bacitracin in this system. The 
acquisition of an apparatus similar to the 54- 
chamber apparatus described by Craig & Post (1949) 
made it possible to carry out experiments involving 
relatively large numbers of distributions. 


METHODS 
TECHNIQUE OF FRACTIONATIONS 


The method of counter-current distribution between 
solvents, developed by Craig and his colleagues, has 
already proved valuable for resolving mixtures of 
polypeptides whose components are not easily iso- 
lated by other procedures (Gregory & Craig, 1948). 
Technical difficulties limit the number of distribu- 
tions, and thus the resolution that can be obtained 
under given conditions in a single experiment, but 
this disadvantage is partly offset by the fact that a 
satisfactory interpretation of the results is often 
possible even when the separation of the consti- 
tuents of a mixture is far from complete. The inter- 
pretation can be verified by further experiment, 
which can often lead to a reliable picture of the com- 
position of the material under investigation. Once 
a reliable analysis of the mixture is available, short 
cuts may be devised which help to obviate the 
practical difficulties that would be encountered in 
carrying out many distributions on a preparative 
scale. 

The solvent system. It is clearly advantageous to 
use a system of solvents in which there is as large a 
difference as possible between the partition coeffi- 
cients of the various constituents of the mixture 
under investigation. 
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The distribution of a polypeptide between water 
and an organic solvent will depend greatly on the 
hydrophobic side chains, and the hydrophilic ioniz- 
able groups (if such groups are present), in the mole- 
cule. The effect of the latter groups on the partition 
coefficient will vary with their degree of ionization 
and hence with the pH of the system. In the case of 
crude ayfivin the overall partition coefficient defined 
as [total activity in organic solvent phase]/[total 
activity in water phase] rose sharply to a maximum 
in the region of pH 7, which appeared to be close to 
the isoelectric point of the major active constituent 
of the material (Sharp et al. 1949). Until the com- 
ponents of a mixture of such polypeptides have been 
obtained in relatively pure form, and their relative 
solubilities determined, it is not possible to predict 
the pH at which they will be most easily resolved. 
The curves representing the change of partition 
coefficient with pH may coincide or cross at some 
points and diverge widely at others. 

Nevertheless, it appeared not unlikely that the 
greatest divergence in the partition coefficients of the 
constituents of crude ayfivin would be found in the 
isoelectric region, where the relative solubility of 
some, at least, of the constituents changed rapidly 
with pH. A pH close to 7 was therefore chosen for 
trial distributions. A solvent system consisting of 
amyl alcohol-n-butanol (4:1, by vol.) and 0-05Mm- 
potassium phosphate buffer, which appeared promis- 
ing in preliminary work (Sharp et al. 1949), was used 
for most of the experiments described in the present 
paper. This is referred to as system I. The partition 
coefficient of the main active constituent of ayfivin in 
this system was close to unity, and the overall 
partition coefficient of the active substances in the 
crude material was shown not to vary, within the 
accuracy of the biological assay, over the range of 
concentrations encountered in the distributions. 

A few experiments were carried out in a system 
composed of sec.-butanol and dilute acetic acid, 
similar to that used by Craig et al. (1949) in the 
study of bacitracin. In this system the pH was about 
3 and the partition coefficient of the main active con- 
stituent of ayfivin was about 0-28. It is referred to as 
system II. 

From a technical point of view system II had 
advantages over system I. Crude ayfivin was very 
soluble in system II, but had a solubility of less than 
20 mg./ml. in system I, and with system II nothing 
was added to the preparation that was not removable 
by evaporation. Moreover, in some circumstances 
ayfivin was less stable at pH 7 than at pH 3 (Sharp 
et al. 1949). 

Stability in the solvent system. During counter- 
current distributions with ayfivin, special attention 
had to be paid to the stability of the active material. 
If breakdown occurred to a significant extent during 
the distribution, or during the manipulations 
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between one distribution and another, the process 
would be less efficient and the results more difficult 
to interpret. Some inactivation took place in the 
experiments of Sharp et al. (1949) with system I, and 
although this was much too small for the inactiva- 
tion products to account for the great resolving 
power of system I compared with that of system IT, 
it was important that it should be eliminated. 

The factors which govern the stability of ayfivin 
are not yet completely understood, but there is 
evidence that impurities present in aqueous and 
alcoholic solvents can be an important cause of loss 
of activity. A systematic investigation of this 
question might have been very laborious, and it was 
decided to make an empirical attempt to avoid in- 
activation by careful purification of the components 
of system I and by taking special precautions in con- 
centrating the fractions obtained from the distribu- 
tions. In some experiments a small quantity of 8- 
hydroxyquinoline was added to the system to 
minimize the possible deleterious effects of traces of 
heavy metals. 

In the purified system I, 1 unit/ml. (about 
0-03 mg./ml.) of a preparation of ayfivin containing 
more than 90 % of the major active constituent lost 
no detectable activity when shaken for 3 hr. at 37°. 
The information provided by activity measurements, 
however, is limited by the accuracy of the biological 
assay, and it would be incapable of detecting a change 
of one peptide into another showing similar activity. 
The most reliable evidence about the stability of 
ayfivin under the conditions used was obtained from 
the shape of the distribution curves and from the 
extent to which the results of successive series of 
distributions formed a consistent pattern. The 
nature of this evidence will appear in the description 
of the results. 

Estimation of material in different fractions. In 
general, the best method of finding the amount of 
material in the various fractions from a counter- 
current distribution is by direct determinations of 
dry weight (Craig, Hogeboom, Carpenter & du 
Vigneaud, 1947). The use of this method would have 
imposed severe limitations on the counter-current 
distributions because of the low solubility of some of 
the components of crude ayfivininsystemI. Estima- 
tions were therefore carried out by hydrolysing the 
peptides from samples of the various fractions and 
measuring the colour given by the resulting amino- 
acids when treated with ninhydrin in the manner 
described by Moore & Stein (1948). The colour was 
compared with that given by hydrolysates of 
standard amounts of the starting material. 

The majority of amino-acids give similar colour 
yields (Moore & Stein, 1948) and it might be ex- 
pected that this procedure would be satisfactory in 
the case of a mixture of peptides having similar 
amino-acid compositions and molecular weights. In 
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fact, the colour yields from crude ayfivin and from 
two of its purified active constituents were found to 
be almost identical, and 10—150 yg. amounts of the 
peptides could be estimated with an accuracy of 
about + 2 yg. Using thismethod, analytical counter- 
current distributions of a hundred theoretical plates 
could be carried out with little more than 150 mg. of 
partially purified material. 

The activity of the various fractions was measured 
by the cylinder-plate method (Heatley, 1944), using 
Corynebacterium xerosis as a test organism (Arri- 
agada, Savage, Abraham, Heatley & Sharp, 1949), 
and expressed in the units employed by these 
authors. 

Procedure. In order that a series of experiments 
could be made with the same starting material, a 
number of batches of crude ayfivin hydrochloride 
(Sharp et al. 1949) were pooled and lyophilized. The 
resulting material, which contained 20 units/mg., is 
referred to as crude ayfivin hydrochloride. Unlike 
some batches of material, it appeared to lose no 
activity on storage at 4° for several months. 

The resolution of crude ayfivin was carried out in 
two or more stages. An initial separation was ob- 
tained from a relatively small number of transfers, 
and the resulting fractions were then subjected to a 
larger number of transfers in the 54-chamber 
apparatus designed by Craig & Post (1949). 

Initial distributions of several grams of material 
were carried out in cleven separating funnels 
(numbered 0-10) using system I. In one type of 
experiment, designed for the isolation of the main 
active peptide, the phosphate phase was mobile and 
transfers were continued until most of the active 
material had been withdrawn from the last funnel 
(10). Much labour was saved, and some additional 
purification obtained, by removing funnels from the 
zero end of the series as soon as they contained less 
than 1 % of the active substance initially taken. In 
a second type of experiment, designed to isolate an 
active constituent less soluble than the main one in 
the alcohol phase, the latter phase was mobile. At 
the end of the distribution most of the substance 
concerned remained in the funnels, while nearly all 
the other active material had been withdrawn from 
funnel 10. 

The amount of material in the fractions from the 
initial distribution was determined and _ those 
fractions chosen for further study were concentrated 
to a volume suitable for introduction into the 54- 
chamber apparatus. The equations derived by 


Williamson & Craig (1947), which relate the amounts 
of material in consecutive fractions to partition 
coefficients and the total number of transfers, were 
extended to allow a rapid interpretation of the 
results of estimations of the content of withdrawn 
fractions. Subsequent 100-plate distributionsshowed 
these interpretations to be essentially correct. 
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An initial distribution involving a limited number 
of transfers, followed by a theoretical interpretation 
and the reconcentration of selected fractions, was 
preferable for several reasons to a procedure begin- 
ning with a long fundamental run on the crude 
material. The approximate composition of the 
selected fractions was known and their behaviour on 
further distribution could be predicted with reason- 
able accuracy, thus enabling the maximum ad- 
vantage to be obtained from the use of the 54- 
chamber apparatus. The greater purity of the 
selected fractions made it possible to introduce 
larger amounts of active peptides into this apparatus 
without exceeding the limits of solubility. 

Analysis of distribution curves. Williamson & 
Craig (1947) showed that during a fundamental run 
of n transfers the fraction of material in successive 
tubes was given by the terms of a binomial expan- 
sion. The fraction T', , in tube r for a substance of 
partition coefficient K could be calculated from the 
expression 


n! 1 = 
= —_—___._ | ——_ K)’. 
Fa r\(n—r)! lal (4) 


From this it followed that 


Boa 
ae =a lig where F= e+ ") ‘ 
a r 

T, 


r| =|: where F’= ef 
K (n—7r) 


Hence K could be calculated from the ratio of the 
amount of material in successive fractions. 

Suppose that R is the number of the tube from 
which the upper phase is being withdrawn, that w is 
the number of the fraction in the withdrawn series 
(the first withdrawal being numbered 1), and that 
T', is the proportion of substance in the withdrawn 
fraction w. Then 





and 
r+ 


T ,,= (proportion of substance in the Rth tube of a 
fundamental run of R + w— | transfers) 
K 
6 a ar 
K+1 


= Seen a ee cy x x 
2 (w—1) *K+1" 


It follows that 
T Ww 


qT... =F’,(K+1), where Fi= 3 (1) 
and 
# R+w-1 
Te = a - where F,,= eee (2) 
T.-. (K+1) w—1 


Using (1) and (2), values for K can rapidly be calcu- 
lated from the amounts of material in adjacent 
tubes of the withdrawn series. 
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If the number of distributions is large and if there 
is a peak in the vicinity of fraction W of the with- 





w 





drawn series, — land the position of the peak is 


w+i 
given approximately by the expression W=R/K. 


RESULTS OF FRACTIONATIONS 


Crude ayfivin was finally resolved into a number of 
peptides, of which at least three (referred to as A, B 
and C) had antibacterial activity. In system I the 
partition coefficients (K = [solute in alcoholic phase]/ 
[solute in aqueous phase]) of the active peptides 
were such that Kp<K4<Kg. A was present in con- 
siderably larger quantities than B or C. 

The specific activity of A was similar to that of C 
and about four times as great as that of B. 

The results of various counter-current distribu- 
tions are given here in more or less chronological 
order. 

Composition of crude ayfivin. Crude ayfivin was 
purified by an 8-transfer distribution in system I as 
described by Sharp eé al. (1949). The material in 
tubes 2—7, which contained almost all the activity, 
was then subjected to fifty-three transfers in system 
I in the Craig-Post apparatus. The results, shown in 
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Further examination of fractions from an initial 
distribution. An initial purification in system I was 
carried out by twenty-seven transfers through eight 


Total material (%) 





0 10 20 30 40 50 
Tube number 


Fig. 1. 53-Transfer distribution of crude ayfivin in system I 

(amyl alcohol-n-butanol (4:1): 0-1M-potassium phos- 
For details see Experimental 
section (p. 265). O—O—O, percentage total dry weight 
estimated colorimetrically; - - -, approximate theoretical 


phate buffer, pH 7-1). 


interpretation. 


separating funnels, the buffer phase being mobile. 
Fractions 11, 12 and 13 from the withdrawn series 


were pooled and lyophilized. The resulting material 


K =0-93 
Activity 35-40 
units/mg. 


Activity 10-15 
units/mg. 


Total material (%) 





Fundamental series | Withdrawn series | 


Fig. 2. 100-Transfer distribution in system I (amyl alcohol 


Tube number 


-n-butanol (4:1): 0-05m-potassium phosphate buffer, pH 6-9) 


of fractions 7, 8 and 9, from an initial purification of crude ayfivin. For details see Experimental section (p. 265). 
O—O—O, percentage total dry weight estimated colorimetrically; @...@...@, calculated curves. 


Fig. 1, indicated that the mixture was complex and 
that at least 100 transfers would be required to 
resolve the main components. On the basis of these 
results it was decided to carry out a more extensive 
initial purification and to select fractions over a 
more limited range for further study. 


was analysed by 100 transfers in system I in the 
Craig-Post machine and found to contain about 
5 % B (mixed with another compound), 72 % A and 
10% C. Material from fractions 7, 8 and 9 of the 
same withdrawn series was treated in a similar 
fashion. The distribution curve, shown in Fig. 2, 
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indicated that it contained about 21% B, 50% A 
and 8% C. 

Comparison of systems I and II. Another portion 
of the material from fractions 7, 8 and 9 was subjected 
to 100 transfers in system II. The curve given in 
Fig. 3 shows that the material behaved as though it 
were practically homogeneous, and that in this 
system there was no significant resolution of A, B 
and C such as is shown in Fig. 2. 
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100 
Tube number 

Fig. 3. 100-Transfer distribution in system II (sec.-butanol: 
3% (w/v) acetic acid) of fractions 7, 8 and 9, from an 
initial purification of crude ayfivin. For details see 
Experimental section (p. 265). O—O—O, percentage 
total dry weight estimated colorimetrically; @...@...@, 
calculated curve. 


Redistribution of fractions from a 100-transfer 
experiment. In order to obtain clear evidence about 
the stability of A under the conditions of the experi- 
ments, fractions which appeared to contain nearly 
pure A were redistributed in system I. Fractions 
46-59 from the distribution shown in Fig. 2 and 
similar fractions from analogous experiments were 
pooled and concentrated. To obtain enough material 
for redistribution it was necessary to include 
fractions further from the peaks than was desired, 
but it was estimated at the time that the combined 
fractions contained about 95% A. The results of a 
further 100 transfers of this material are illustrated 
by the curve in Fig. 4, which indicated that it 
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contained 87% A and 12% C. Substance B was 
absent. 


K=0-97 


7-0 


Total material (%) 





Withdrawn 
series 


Fundamental series 
Tube number 


Fig. 4. 100-Transfer distribution of reconcentrated ayfivin 
A in system I (amyl alcohol-n-butanol (4:1): 0-05m- 
potassium phosphate buffer, pH 6-9). For details see 
Experimental section (p. 265). O—O—O, percentage 
total dry weight estimated colorimetrically; @...@...@, 
calculated curve. 
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Fig. 5. Twenty-nine transfers, through eleven separating 
funnels, of crude ayfivin hydrochloride in system I (amyl 
alcohol-n-butanol (4:1): 0-0033M-potassium phosphate 
buffer, pH 7-0). Lower layer mobile. About 30% of the 
material has been withdrawn from the left side and does 
not appear in the figure. For details see Experimental 
section (p. 264). O—O—O, dry weight of 0-1 ml. sample 
estimated colorimetrically ; - - - -, approximate theoretical 
interpretation. 


Improved initial purification. The preceding 
results confirmed the original interpretation of the 
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distribution curve obtained from the initial purifica- 
tion, but showed that a still more extensive initial 
purification was desirable to obtain fractions con- 
taining nearly pure A. This was made by increasing 
the number of separating funnels and by with- 
drawing from the zero end somewhat earlier. Fig. 5 
shows the results of such an experiment in system I. 
It indicated that the ratio of A to B in crude ayfivin 
was about 2-5 to 1. The discarded fractions which do 
not appear in the figure contained about 30 % of the 
starting materials. 
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Fig. 6. Twenty-eight transfers through nine separating 
funnels of crude ayfivin (enriched in B), in system I (amyl 
alcohol-n-butanol (4:1): 0-0033M-potassium phosphate 
buffer, pH 6-9). Upper phase mobile. About 10% of the 
material has been withdrawn from the left side and does 
not appear in the figure. For details, see Experimental 
section (p. 266). O—O—O, dry weight of 0-04 ml. 
sample estimated colorimetrically; ----, approximate 
theoretical interpretation. 


In an initial purification designed to concentrate 
B, the alcohol phase was mobile. Material containing 
a high proportion of B remained in the separating 
funnels (Fig. 6). The discarded fractions which do 
not appear in the figure contained about 10 % of the 
starting material. 

Comparison of ayfivin and bacitracin. A distribu- 
tion similar to that shown in Fig. 5 was carried out 
with a sample of commercial bacitracin (Commercial 
Solvents Corporation, Terre Haute, Indiana). The 
resulting curve resembled that in Fig. 5, and indi- 
cated that the ratio of A to B was 4:1. The contents 
of fractions 12, 13 and 14 of the withdrawn series 
from both the ayfivin and bacitracin distributions 
were concentrated, and equivalent amounts (60 mg.) 
of the two materials were mixed. The mixture was 
subjected tc 100 transfers in system I and the dis- 
tribution curve showed that it contained 93 % A and 
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7% C (Fig. 7). There was no indication that the peak 
representing A could be resolved into two sub- 
stances. 

In an earlier experiment a different sample of 
commercial bacitracin (Ben Venue Laboratories, 
Bedford, Ohio: batch no. B124) was subjected 
directly to seventy-three transfers in the Craig-Post 
apparatus. The two major peaks of the distribution 
curve showed that the ratio of A to B in the sample 
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Fig. 7. 100-Transfer distribution of a mixture of purified 
ayfivin A and bacitracin A (equal amounts) in system I 
(amyl alcohol-n-butanol (4:1): 0-05m-potassium phos- 
phate buffer, pH 6-9). For details see Experimental 
section (p. 266). O—O—O, percentage total dry weight 
estimated colorimetrically; @...@...@, calculated curve. 


was 3:1. The ratio of the partition coefficients, 
B, calculated from the position of these peaks 
(Barry, Sato & Craig, 1948) was the same as 
that calculated from the distribution of a similar 
fraction of ayfivin. 


DISCUSSION 


The results of the various counter-current distribu- 
tions show that crude ayfivin was not purified to any 
appreciable extent in system II, but that it was re- 
solved, or partly resolved, into at least seven com- 
ponents in system I. Five of these components 
appear in the distribution described by Fig. 1 
and at least two more were present in the dis- 
carded fractions 0 and 8 of the distribution that 
preceded it. 

The astonishing differerice in the amount of reso- 
lution obtained in the two systems made it necessary 
to consider whether some of the products revealed in 
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system I might be formed by changes in the material 
during experiments with this system. Since the 
specific activity rose from 20 units/mg. for crude 
ayfivin to about 40 units/mg. for the material in the 
main peak, it was evident at an early stage that the 
distribution curves obtained in system I could not be 
largely accounted for by changes leading simply to 
loss of activity. Nevertheless, in some of the first 
experiments computation of the specific activity to 
be expected from the amount of impurity discarded 
indicated that either the specific activity was really 
more than 40 units/mg., or that about 25% loss of 
activity had taken place. It now appears that up to 
25 % inactivation did take place in early experiments 
(e.g. Fig. 1), but that this occurred during the re- 
concentration between distributions and that its 
amount depended on the manipulations at this 
stage. The fact that a satisfactory theoretical inter- 
pretation of the distributions was always possible 
indicated that the material was relatively stable in 
system I itself. 

After purification of the solvents and modification 
of the method used for concentrating solutions, 
successive experiments could be made in which very 
little change, at least of substance A, appeared to 
take place. In one distribution of material contain- 
ing a high percentage of A, substance B did not 
appear at all (Fig. 4). It was clear that neither B nor 
substances with smaller partition coefficients than 
B were being formed from A during the experiment, 
and that these substances were already present in 
crude ayfivin. The evidence with regard to C is less 
satisfying, but Fig. 4 indicates that less than 10% 
of A could have been transformed to C, and Fig. 5 
that very little, if any, transformation occurred. It 
is possible, of course, that such transformations took 
place in the culture fluid or during the preparation of 
crude ayfivin. 

On the basis of the present results there is no 
reason to suppose that A is not asingle compound. If 
it should be a mixture, distribution in other systems 
or a different method of purification will be necessary 
to resolve it. The status of B and C is less certain. 
They may well be single compounds, but it is still 
possible that further experiments with system I will 
show them to be heterogeneous. 

The fact that no separation of bacitracin A and 
ayfivin A could be detected after 100 transfers in 
system I, and that the chemical properties of the 
two products are known to be very similar, justifies 
the provisional conclusion that they are in fact 
identical. The other components of commercial 
bacitracin have not been closely investigated, but 
they have partition coefficients very similar to some 
of those of crude ayfivin. In view of these findings it 
has been decided to abandon the name ayfivin and 
to refer to the active components of crude ayfivin as 
bacitracin A, B and C. 
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EXPERIMENTAL 


Purification of reagents 


Amyl alcohol and n-butanol. A modification of the 
method of Rowe & Phelps (1924) using m-phenylenediamine 
was found to be satisfactory for the removal of aldehydes. 

The alcohols were treated in 51. batches with 1 g./l. of 
m-phenylenediamine hydrochloride, sufficient water being 
added to saturate the alcohol and leave a lower layer of 
about 100 ml./l. The mixture was allowed to stand in the 
dark at least 3 days, and was shaken occasionally. The lower 
aqueous layer was then run off and the alcohol layer washed 
with 100 ml./l. of water. 

To remove ‘ peroxide’ another 100 ml./1. of distilled water 
was then added together with a handful of ferrous sulphate 
crystals and a few ml. of 2N-H,SO,. The mixture was again 
kept at least 3 days in the dark with occasional shaking. The 
water layer was removed and the alcohol washed with 
batches of 100 ml./l. of water until the washings no longer 
gave a coloration with potassium ferricyanide. The alcohol 
was then distilled slowly in an atmosphere of hydrogen in 
an all-glass apparatus, using a lagged column 60 cm. high. 
The cylinder hydrogen was purified by washing with 
n-H,SO, saturated with KMnO, followed by saturated 
aqueous 4gNOQ,. The fractions of n-butanol, b.p. 116-118°, 
and amyl alcohol, b.p. 128-132°, were used in the experi- 
ments described later. These were stored in the dark until 
required for use. 

No reduction occurred when 1 ml. of the alcohol was 
shaken with 1 ml. of astrong solution ofammoniacal AgNO,, 
and the mixture stored in the dark overnight. No red colour 
developed when the alcohol was added to a freshly prepared 
solution of pure KCNS and FeSO,.(NH,).SO,.6H,O. This 
method of testing for peroxide was suggested by Dr J. C. 
Smith. 

Distilled water. To remove traces of heavy metals, lab- 
oratory -distilled water was treated with 8-hydroxyquinoline 
extracted several times with amyl alcohol and redistilled in 
an all-glass apparatus. 


Estimation of dry weight by a standard 
photometric ninhydrin method 


Construction of a standard curve. Two 5 mg. samples of 
crude ayfivin hydrochloride were weighed out in glass tubes 
(3 x $ in.) and 6N-HCl (0-4 ml.) was added to these and to 
two blank tubes. The tubes were sealed and heated at 110° 
for 18 hr. They were then opened and the HCl and water 
removed in vacuo over P,O; and damp NaOH pellets. The 
residues were dissolved in water (or phosphate-buffer solu- 
tion) to give solutions whose concentration in terms of 
ayfivin hydrochloride varied from 1500 to 25,yg./ml. 
Duplicate samples of 0-1 ml., containing the equivalent of 
from 150 to 2-5yg. ayfivin hydrochloride, were taken from 
each solution and placed in 8 ml. colorimeter tubes (Evans 
Electroselenium Ltd., Harlow, Essex (E.E.L.) portable 
colorimeter). Ninhydrin solution (0-5 ml.), prepared accord- 
ing to the method of Moore & Stein (1948), was then added. 
Aluminium caps were placed on the tubes, which were 
heated 20 min. on a vigorously boiling water bath, after 
which 7-5 ml. of an n-propanol-water mixture (1:1, v/v) 
were added to each tube, using a standard automatic 
pipette. The colour density was read in the colorimeter 
using a no. 205 E.E.L. filter. The mean readings for the 
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standard solutions minus the blank reading were plotted 
against the weight of ayfivin hydrochloride known to be in 
the samples. A fresh standard curve was made for each new 
batch of solid ninhydrin used. 

Estimation of unknown samples. A sample containing 
between 25 and 700yug. of peptide was taken from the 
samples to be analysed by means of a syringe-pipette made 
by Mr 8. Bush (Dryer, Ward, McIntosh & Fildes, 1923) and 
placed in a tube for hydrolysis. Two samples from a standard 
solution of ayfivin hydrochloride made up in 20% (v/v) 
aqueous ethanol, and of the plain solvent in which the 
sample was dissolved, were also taken. 

The samples, frequently amyl alcohol-n-butanol or amyl 
alcohol-n-butanol-buffer mixtures, were evaporated to dry- 
ness in a brisk stream of air (18-22°), the tubes being main- 
tained at 100° in a deep metal block. A compact apparatus, 
capable of drying eight tubes at a time, designed by Dr 
N. G. Heatley and made by Mr A. Broadway, was used for 
this purpose. 6N-HCl (0-4 ml.) was added to the dried 
samples, which were then hydrolysed in the standard 
manner. 

After hydrolysis and drying of the hydrolysate, 0-5 ml. 
distilled water was added to each sample by means of an 
automatic pipette. Samples (0-1 ml.) were taken from these 
solutions and the colour densities measured in the standard 
manner. Any variation from one experiment to another was 
compensated by adjusting the standard curve to fit three 
values (corresponding to 25, 50 and 100 yg. ayfivin hydro- 
chloride from the standard solution) which were redeter- 
mined in each case. 

Readings were reproducible to +1 scale division (i.e. 
approx. 2g. ayfivin hydrochloride over the range 10 to 
150 yg.). 





Measurement of antibacterial activity 


Test organism. The cylinder-plate method (Heatley, 1944) 
was used throughout. The plates were surface seeded with a 
suspension of an overnight culture of Corynebacterium 
xerosis matched to Burroughs Wellcome standard opacity 
tube no. 1 (Brown & Kirwan, 1915) and then diluted three 
times. 

Diluting solution. Dilutions were made with a solution of 
0-05 M-potassium phosphate buffer (pH 6-8), which was also 
made 0-1M in respect of glycine. This solution was auto- 
claved to prevent the growth of contaminants. Dilute solu- 
tions of ayfivin, known to be unstable in the presence of 
certain impurities, were stable in this solution (Sharp ef al. 
1949). 

Measurement of the activity in counter-current distribution 
fractions. A sample was taken from the upper phase of the 
fraction and placed in a graduated tube. An appropriate 
volume of diluting fluid, at least three times that of the 
sample, was then added to it. The two phases were then 
equilibrated and five times the volume of the sample of 
n-hexane was added and the mixture again equilibrated. 
After the hexane-alcohol layer had been withdrawn and dis- 
carded, a sample from the lower layer of the fraction was 
added and the combined solutions extracted again with n- 
hexane to remove any alcohol left in the aqueous solution. 
The hexane was discarded and the aqueous solution, which 
contained at least 95% of the active material, was made up 
to volumes containing approximately 1 and 0-5 unit/ml. The 
zones of inhibition given by these solutions were compared 
with those produced by a series of standards. The same pro- 
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cedure, slightly modified, was suitable when the fraction to 
be analysed was in a single phase. Units of activity were 
those defined by Arriagada, Savage, Abraham, Heatley & 
Sharp (1949). 


Concentration of solutions 


Ayfivin had occasionally been found to lose activity when 
recovered from dilute aqueous solution by lyophilization. 
Craig et al. (1949) reported that bacitracin had lost a 
certain amount of activity after isolation in a similar way. 
The effect of lyophilization on ayfivin has not proved to be 
consistently reproducible, but in view of the possibility of 
inactivation the method was not generally used in the 
present series of experiments. The fractions were concen- 
trated in the following manner. Up to 500ml. of the 
fractions to be concentrated (usually in two phases) were 
placed in a 1 1. flask connected through a splash-head to a 
trap cooled in solid CO, and ethanol. The flask was im- 
mersed in a water bath. When buffer solution only was to be 
concentrated, 10 ml. of purified amyl alcohol/100 ml. of 
buffer were added to prevent frothing; and with alcohol 
phase only 1-5 vol. of pure water were added initially. 

The air was pumped out of the system while a stream of 
hydrogen (purified by bubbling through KMnO, and AgNO, 
solutions) was passed through the apparatus by means of a 
capillary reaching to the bottom of the flask. The pump was 
switched off before the distillation began. The hydrogen flow 
was then adjusted to be just sufficient to prevent bumping 
and the pump again started. As soon as distillation began, 
the bath, which was initially at room temperature, was 
allowed to heat up to 30°. The contents of the flask rapidly 
cooled to below 0°. The rate of distillation, which was 
150-200 ml./hr., was mainly controlled by switching the 
pump on and off, and was adjusted so as just to prevent 
freezing. 

Water or amyl alcohol were added occasionally so that 
two phases were present until the aqueous solution had 
reached its required concentration. The alcohol phase was 
not allowed to become anhydrous as inactivation of baci- 
tracin has been noted under such conditions (Anker, 
Johnson, Goldberg & Meleney, 1948). The distillation was 
continued in a 500 ml. flask when the volume had dropped 
below 100 ml. The rate of heating was cut down as the 
volume of the concentrate decreased. The bath was at 
10-15° during the final stages. 


Counter-current distributions 


(I) Initial distribution of 6g. crude ayfivin hydro- 
chloride in system I 


Solvents. 41. 0-0033M-potassium phosphate _ buffer 
(pH 7-0) were shaken with a mixture of 600 ml. wet n- 
butanol: 300 ml. wet amyl alcohol. The upper layer was 
drawn off and discarded. The lower layer was equilibrated 
with a mixture of 1440 ml. amy] alcohol, 360 ml. n-butanol 
and 20 mg. 8-hydroxyquinoline, which had previously been 
just saturated with 0-0033™M buffer solution. 

Distribution procedure. Eleven separating funnels of 
600 ml. capacity were used. These were fixed to a wooden 
frame with Terry clips so that they could all be shaken at 
once. 150ml. portions of upper layer were placed in 
funnels 1-10. Crude ayfivin hydrochloride (6 g.) was shaken 
with 145 ml. upper and 120 ml. lower layer, and mM-NaOH 
(13-8 ml.) was added to bring the lower layer to pH 7-0 
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(glass electrode). The dark, viscous oil which came out of 
solution as the pH was raised was spun down and the two 
clear layers transferred to funnel ‘0’ where both layers were 
made up to the 150 ml. volume marks. 

Seven fundamental transfers were made. The contents of 
funnel 0 were then discarded, no fresh lower layer having 
been added. After the ninth transfer upper ‘1’ was dis- 
carded. On the eleventh transfer lower ‘10’ was removed, 
and became the first member of the main withdrawn series. 
Upper ‘2’ was also removed at this stage. The process was 
continued until nineteen fractions had been collected in the 
withdrawn series. Further discards of the slower moving 
components were made after the thirteenth, seventeenth, 
twenty-first, twenty-fourth and twenty-sixth transfers had 
been completed. Only three funnels of the fundamental 
series remained at the end of the experiment. The results are 
shown in Fig. 5. 


(Il) Fifty-three transfers in system I on a partly 
purified sample of ayfivin 


Solvents. 800ml. amyl alcohol, 200 ml. n-butanol and 
800 ml. 0-1M-potassium phosphate buffer were shaken to- 
gether; the pH at equilibrium was 7-1 (glass electrode). The 
solvents used in this experiment had not been specially 
purified. 

Distribution procedure. Fractions 2-7 from an 8-transfer 
distribution, lower layer mobile (Sharp ef al. 1949), were 
combined. 2N-Acetic acid was added until the pH of the 
lower phase dropped to 3-7 and then 1-5 vol. ether were 
added to reduce the solubility of ayfivin in the organic- 
solvent phase. Four further extractions of the latter with 
10 ml. 2‘N-acetic acid were made and the combined extracts 
were lyophilized. Ayfivin acetate (126 mg.) was obtained, 
having an activity of 23 units/mg. 

The ayfivin acetate was shaken with 10 ml. of each layer 
of solvent. A few mg. which did not dissolve were spun 
down and the clear solutions transferred to tube 0 of the 
Craig-Post 54-chamber apparatus. A fundamental run of 
fifty-three transfers was then carried out. The results are 
shown in Fig. 1. 


(IIL) One hundred transfers in system I on fractions 7, 
8 and 9 from an initial purification of ayfivin 


Initial purification. Crude ayfivin hydrochloride (2 g.) 
was partially purified by a method very similar to that 
described in Exp. I. Nine funnels were used and twenty- 
seven lower layers of system I (0-0033M-phosphate) were 
passed through them, giving a withdrawn series of nineteen 
fractions. Fractions 7, 8 and 9 of the withdrawn series were 
lyophilized, giving 300 mg. of a mixture of ayfivin and 
phosphate. 

One hundred transfers in the Craig-Post apparatus. 
1000 ml. amyl alcohol and 250ml. n-butanol were just 
saturated with pure water, and then mixed with 800 ml. 
0-05M-potassium phosphate buffer. The pH at equilibrium 
was 6-9 (glass electrode). The dried sample was dissolved in 
10 ml. upper and 9 ml. lower layer, and the pH adjusted to 
6-9 with 0-05 ml. n-NaOH. All the material dissolved. The 
volumes were adjusted, and the solution transferred to tube 
0 of the machine. A fundamental run of fifty-two transfers 
followed by forty-eight single withdrawals of the upper 
phase from empty tube 53 was then carried out (Craig & 
Post, 1949). The results are shown in Vig. 2. 
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(IV) One hundred transfers in system II on fractions 
7, 8 and 9 from an initial purification of ayfivin 


Fractions 7, 8 and 9 from the withdrawn series of an 
initial distribution identical with that described in Exp. III, 
were concentrated to 8 ml. sec.-Butanol was purified by a 
method similar to that used for n-butanol. Wet sec.-butanol 
was obtained on distillation. The acetic acid was purified by 
the method of Hutchinson & Chandler (1931). Wet sec.- 
butanol (900 ml.) was shaken with 500ml. 4% (v/v) 
aqueous acetic acid (i.e. 1 vol. dry sec.-butanol to 1 vol. 3% 
acetic acid) giving 850 ml. upper phase and 550 ml. lower 
phase, pH 2-8 (glass electrode), 

Distribution procedure. The concentrate of fractions 7, 8 
and 9 in 8ml. 0-05M-potassium phosphate buffer was 
equilibrated with 10 ml. upper layer (system II). The pH of 
the lower layer was adjusted to 2-8 with acetic acid and the 
volumes of each phase made up to 10 ml. 

A preliminary distribution in system IT (Sharp ef al. 1949) 
had shown that volume changes occurred as the distribution 
proceeded when solutions of 20 mg./ml. of crude ayfivin 
hydrochloride were used. Therefore the first six transfers 
were carried out in stoppered tubes having volume marks on 
them. After two transfers, the upper layer being mobile, 
lower ‘0’ and upper ‘1’ had increased by 0-2 ml. while no 
changes were noted in ‘2’. These differences did not increase 
during the next four transfers. The contents of the tubes 
were then transferred to the appropriate tube of the Craig- 
Post apparatus, which had been turned so that upper ‘0’ 
was over lower ‘6’. A further forty-six fundamental 
transfers followed by forty-eight single withdrawals from 
empty tube 53 were carried out. The results are shown in 
Fig. 3. 


(V) One hundred transfers in system I on nearly 
homogeneous ayfivin A reconcentrated from previous 
100-transfer distributions 


Reconcentration. The contents of tubes 46-59 of Exp. III 
(Fig. 2), and of tubes containing material of similar purity 
from a 100-transfer distribution on fractions 11, 12 and 13 
from the same initial purification, were reconcentrated. The 
combined fractions had an initial volume of 160 ml. upper 
and 120 ml. lower layers. These were concentrated to 5 ml. 
upper and 15 ml. lower layers by the method described 
above. The amy] alcohol was removed by adding an excess 
of anaesthetic ether, the lower layer was then drawn off and 
the ethereal solution shaken with 5 ml. 0-01N-HCl, which 
was then added to the first buffer extract. The combined 
aqueous solutions (20 ml.) were adjusted to pH 7-0 and 
extracted first with 20 ml. and then with 10 ml. n-butanol. 
The dry weight of a sample, which was removed at this 
stage, indicated that the total weight of material was about 
110 mg. The combined n-butanol solutions were then ex- 
tracted with 24 ml. 0-025mM-KH,PO, acidified to pH 3-2, 
followed by 8 ml. of the same solution at pH 2-3. The com- 
bined buffer solutions were brought to pH 6-3 and their 
volume reduced to 8 ml. 

Solvents. 800ml. amyl alcohol and 200 ml. n-butanol 
were shaken with 800ml. 0-05M-potassium phosphate, 
which had previously been just saturated with n-butanol 
and amyl alcohol. The buffer phase was pH 6-9 (glass 
electrode) after equilibration. 

Distribution procedure. 10 ml. of the organic phase and 
1 ml. of pure water were added to the 8 ml. of reconcen- 
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trated ayfivin A solution. After the pH had been adjusted 
to 6-9, both layers were made up to 10 ml., and then trans- 
ferred to tube 0 of the Craig-Post machine. 

A fundamental run of fifty-two transfers followed by 
thirteen single withdrawals from empty tube 53 was first 
carried out; both layers were then removed from tubes 0-15 
inclusive and the latter refilled with fresh upper and lower 
layers. The fundamental run was then continued until 
upper ‘13’ was over lower ‘15’ for the second time (eighty- 
two transfers). Withdrawal was then started again from 
empty tube 16 until 100 transfers had been completed. 
Thus material in tubes 17-53 and 0-15 had been through 
100 fundamental transfers. The results are shown in Fig. 4. 


(VI) One hundred transfers on a mixture of ayfivin A 

and bacitracin A 

Initial purification. Ayfivin was initially purified as 
described in Exp. I. Fractions 12, 13 and 14 of the with- 
drawn series were pooled, extracted twice with ether to 
remove any oxine and then concentrated to 100ml. 
Bacitracin (Commercial Solvents, batch no. B 480623) was 
initially purified in an identical manner to the ayfivin, 
followed by concentration of fractions 12, 13 and 14. About 
60 mg. of ayfivin A and bacitracin A were mixed, and the 
combined solution further concentrated to 15 ml. when it 
was extracted with 9 ml. of the upper layer of system I 
before concentrating to 8 ml. The 9 ml. of upper layer was 
then added to the buffer concentrate and the pH of the 
latter adjusted to 6-9. The volume of each layer was then 
made up to 10 ml. 

Distribution procedure. The solvents were prepared in the 
same way as described for Exp. V. Distribution was carried 
out in the same way as in Exp. V, until upper ‘13’ was over 
lower ‘15’ for the second time. Then both layers were re- 
moved from ‘16’ to ‘25’ inclusive, and replaced with fresh 
upper and lower phases. The fundamental run was then 
continued for another ten transfers, ninety-two in all, after 
which eight single withdrawals were made from empty tube 
26. The material in tubes 27-53 and 0-25 had then been 
through 100 fundamental transfers. The results are shown in 
Fig. 7. 


(VII) Initial purification for the preparation of 
ayfivin B from crude hydrochloride in system I 


Solvents. 1200 ml. amyl alcohol, 300 ml. n-butanol and 
20 mg. 8-hydroxyquinoline were shaken with just sufficient 
water to saturate the upper phase. This was then shaken 
with 700 ml. of 0-0033M-potassium phosphate, which had 
previously been saturated with amy] alcohol and n-butanol. 
The pH of the buffer phase at equilibrium was 6-9 (glass 
electrode). 

Distribution Crude ayfivin hydrochloride 
(1-6 g.) already partially enriched in B was dissolved in 
50 ml. upper phase and 40 ml. lower phase. The pH of the 
latter was then adjusted to 6-9. The dark, viscous oil which 
came out of solution was spun down and both layers made 


procedure. 
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up to 50ml. Nine separating funnels were used for the 
counter-current distribution; numbers 1-8 were filled with 
50 ml. lower layer. The clear solution of crude ayfivin was 
transferred to funnel 0 and eight fundamental transfers 
carried out, the upper phase being mobile. The contents 
of funnel 0 were then withdrawn. 

Twenty further transfers were then carried out, the con- 
tents of upper funnel 8 being withdrawn each time, forming 
a series of twenty fractions. Withdrawals from the trailing 
edge of ayfivin B were made after the eleventh and twenty- 
fourth transfers. Six funnels, 3-8, remained at the end of 
the experiment. The results are shown in Fig. 6. 


SUMMARY 


1. The antibiotic ayfivin, produced by a strain of 
Bacillus licheniformis, has been studied by the 
method of counter-current distribution between 
solvents, and its behaviour compared with that of 
bacitracin. 

2. By distribution in a solvent system composed 
of amyl alcohol-n-butanol and 0-05m-phosphate 
buffer at pH 6-8-7 (system I), crude ayfivin was 
resolved, or partly resolved, into at least seven com- 
ponents. Three of the components, described as A, 
B and C, were polypeptides showing antibacterial 
activity. The major constituent, A, showed an 
activity similar to that of C and about four times 
that of B. 

Very poor resolution of the components of ayfivin 
was obtained on distribution in a system composed of 
sec.-butanol and dilute acetic acid. 

3. The distribution curve of commercial baci- 
tracin in system I was similar to that of partially 
purified ayfivin. There was no resolution of a 
mixture of ayfivin A and the corresponding com- 
ponent of bacitracin on distribution in this system. 
Ayfivin B and C behaved similarly to two other 
components of bacitracin. 

4. It has been concluded from these and other 
results that the main active constituents of ayfivin 
and bacitracin are probably identical. The two 
products are so closely related that it is now pro- 
posed to abandon the name ayfivin and to refer to 
the active components of the latter as bacitracin A, 


B and C. 


We are much indebted to Miss Ann Pill and Mr O. Boys 
for technical assistance. 

The bacitracin used in this work was kindly sent by 
Dr F. L. Meleney to Prof. Sir Howard Florey, F.R.S. The 
work has been supported by a grant from the Medical 
Research Council for technical assistance and supply of 
materials. 
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4. THE LECITHINASE ACTIVITY OF CLOSTRIDIUM HAEMOLYTICUM TOXIN 


By MARJORIE G. MACFARLANE 
The Lister Institute, Elstree, Herts. 


(Received 27 March 1950) 


Oakley, Warrack & Clark (1947) observed that 
culture filtrates of Clostridium haemolyticum con- 
tained a haemolytic factor producing opalescence in 
egg-yolk emulsion ; this lecithovitellin (L.v.) reaction 
could be neutralized by Cl. oedematiens type B anti- 
toxic sera containing f-antitoxin. These facts indi- 
cated that Cl. haemolyticum toxin contained a leci- 
thinase similar in biochemical action to those of Cl. 
welchii and Cl. oedematiens toxins, and closely re- 
lated antigenically to Cl. oedematiens type B leci- 
thinase, the £-toxin (Oakley et al. 1947; Macfarlane, 
1948a). The presence of such a lecithinase has been 
verified by isolation of the products formed from 
lecithin by the action of the toxin, and by the 
examination of the inhibitory power of appropriate 
antitoxic sera upon the enzymic activity. A pre- 
liminary note on these findings has been published 
(Macfarlane, 1948)). 


EXPERIMENTAL 


Methods. Lecithinase activity was determined by the rate 
of liberation of acid-soluble P from lecithin under standard 
conditions, one enzyme unit (e.u.) liberating 100ug. P in 
15min. at 37°. The antilecithinase activity of sera was 
measured by their inhibitory action on P liberation by a 
test dose of toxin. These and other methods were similar to 


those used previously (Macfarlane & Knight, 1941; Mac- 
farlane, 1948). 

Toxins and antitoxins. Dry toxins prepared at the 
Wellcome Laboratories from a strain of Cl. haemolyticum 
originally isolated by Dr Vawter were used. These toxins, 
and samples of Cl. haemolyticum and Cl. oedematiens anti- 
toxic sera, were given by Dr Oakley; the titres of the sera in 
B- and y-antitoxin units by the L.v. test are referred to 
arbitrary standards (Oakley ef al. 1947). The Cl. welchii anti- 
toxin used was the Elstree no. 1 standard, containing 
95 i.u./ml. 

Hydrolysis of lecithin by 
Clostridium haemolyticum toxin 

Isolation of products. Lecithin (0-65 mmol.) pre- 
pared from egg yolk was emulsified in 20 ml. 0-01M- 
calcium chloride, pH 7-4, and incubated at 37° with 
10 mg. toxin, further quantities of toxin (10 mg.) 
being added after 3 and 24 hr. incubation, and the 
mixture titrated back to pH 7-4 at intervals with 
NaOH. In 3 hr. 0-43 mmol. and in 19 hr. 0-56 mmol. 
acid were produced, equivalent to 67 and 86% 
hydrolysis of the lecithin if only one linkage were 
attacked. Production of acid continued very 
slowly to a total of 0-79 mmol. at 42 hr. when the 
experiment was stopped. The mixture was separated, 
by extraction with ether several times, into a water- 
soluble fraction which contained 95 % of the original 
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lipin P in an organic form, and an ether-soluble 
fraction. The two fractions were worked up for the 
isolation of phosphorylcholine and a diglyceride 
respectively, as in previous isolations. 

Phosphorylcholine was isolated as the crystalline 
calcium compound; the crude crystals (164 mg.), 
equivalent to 80% yield on the original lipid, were 
analysed without recrystallization. (Found: N, 4-3; 
total P, 8-8; inorganic P, nil; Cl, 11-8. Cale. for 
C5H,,0,NCIPCa, 4H,O: N, 4-3; Cl, 10-8; P, 9-5%.) 
The substance was rapidly and completely hydro- 
lysed by purified bone phosphatase free from di- 
esterase, and was therefore a monophosphoric ester. 

From the ethereal fraction, acetone-soluble 
material with a saponification value of 167 and an 
acid value of 10 was obtained in amount (366 mg.) 
equivalent to a 95% yield of a palmityloleyl gly- 
ceride. 

Cl. haemolyticum toxin therefore decomposes 
lecithin substantially into phosphorylcholine and a 
neutral fat; but the acid value of the fat, and the 
slight excess of acid produced during the enzymic 
hydrolysis, indicate that in addition to the leci- 
thinase the toxin may contain a trace of a lipase 
whose action becomes apparent if the incubation 
time is prolonged. 

Lecithinase activity of Clostridium haemolyticum 
toxins. The two samples of toxin examined (HC 
231046 and NX 605) had activities of 2-5 and 
3-0 e.u./mg. respectively, similar to the activity of 
dry toxins from highly toxigenic strains of Cl. 
welchit type A, and much higher than that of Cl. 
oedematiens toxins (0-05-0-3 e.u./mg.) prepared in 
the same way by precipitation from the culture 
filtrate with ammonium sulphate. 

The lecithinase showed more than 50% of its 
maximum activity over the pH range 5-0-9-0, with 
a broad optimum from pH 7-0 to 7-6. With these 
crude toxins, the enzyme was active without addi- 
tion of calcium ions, though the activity was increased 
by such addition; it was inhibited by fluoride, but 
the inhibition was not immediately apparent, pre- 
sumably because the precipitation of calcium 
fluoride was gradual. Thus, in one experiment under 
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standard conditions, the enzyme liberated, in two 
successive 15 min. periods, 126 and 97yg. P in 
presence of 0-01 m-calcium chloride, 62 and 24 yg. P 
in presence of 0-08 M-sodium fluoride, and 57 yg. P in 
absence of added calcium ions. 


Substrate specificity of 
Clostridium haemolyticum lecithinase 


Sphingomyelin. The action of the toxin on lecithin 
and sphingomyelin at different substrate concentra- 
tions was compared with that of Cl. welchii toxin. 
Table 1 shows that sphingomyelin is decomposed by 
Cl. haemolyticum toxin, and that, as with Cl. welchii, 
the rate of decomposition is considerably slower than 
that of lecithin. 


Table 1. Hydrolysis of lecithin and sphingomyelin by 
Clostridium welchii and Clostridium haemolyticum 
toxins 


(le.u. Cl. welchit or Cl. haemolyticum toxin in total vol. 
6-0 ml., including 1 ml. borate buffer pH 7-6; Ca++ 0-01m 
overall; incubation 15 min. at 37°.) 


Hydrolysis by toxin (yg. P) 


Nature and conen. Cl. 
(mm) of substrate Cl. welchii haemolyticum 
Lecithin 
6-9 112 114 
1-4 79 103 
0-7 58 70 
0-4 40 47 
Sphingomyelin 
1-6 33 35 
0-6 23 30 


Kephalin. The action towards kephalin was de- 
termined by comparison of the maximal production 
of acid-soluble P from the ether-soluble, acetone- 
insoluble phospholipins prepared from egg yolk and 
from brain, which contain very different proportions 
of lecithin and kephalin. Parallel determinations of 
the maximal hydrolysis of these phospholipin pre- 
parations by Cl. welchii toxin, which has been shown 
to have no action on phosphatidylethanolamine or 


Table 2. Hydrolysis of phospholipins of egg yolk and brain by Clostridium welchii 
and Clostridium haemolyticum toxins 


(Tubes containing 5 e.u. lecithinase, 0-5 ml. 2% phospholipin emulsion, Ca++ 0-01 M, and 1-0 ml. borate buffer pH 7-6 in 
total vol. 6-0 ml. were incubated at 37° for various times, and thejacid-soluble P estimated.) 


Hydrolysis (% of lipid P) 


Egg-yolk lipid 


Incubation (0-41 mg. P) 


Brain lipid 
(0-48 mg. P) 





time cr ae 
(min.) Cl. haemolyticum Cl. welchit Cl. haemolyticum Cl. welchii 
15 84 82 37 36 
30 94 92 42 41 
45 95 92 39 42 
60 95 100 41 44 
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ot phosphatidylserine (Macfarlane, 1948c), were also The cross-inhibition by the two latter antitoxins 
‘ | made. Table 2 shows that the Cl. haemolyticum toxin was examined more closely to determine whether the 
P hydrolysed 95% of the egg-yolk phospholipin and Cl. haemolyticum and Cl. oedematiens type B enzymes 
z 47% of the brain phospholipin, the corresponding were immunologically identical. The two sera used 
figures for Cl. welchii toxin being 100 and 44%. The were found to be of similar strength, though this was 
| Cl. haemolyticum lecithinase therefore appears, like fortuitous, and were therefore used at the same 
the Cl. welchii enzyme, to be specific for lecithin dilution, 1/500. Table 4 shows that the same volume 
and sphingomyelin, and to have no action on the of either antitoxin inhibited the test doses of both 
kephalin type of phospholipin. toxins to nearly the same degree. Considering that 
n the two toxins may differ in the total content of 
F Inhibition of Clostridium haemolyticum lecithinase a Rar tne py ee eg -” the os dose, 
» by homologous and heterologous antitoxic sera en ee aes gre rage ov ity; 
y | the similarity of the neutralizing power of the anti- 
i, | The inhibitory action of antitoxic sera was toxins towards the homologous and heterologous 
n {| determined by allowing measured volumes of a_ toxins strongly suggests that the Cl. oedematiens B- 
} suitable dilution of serum to combine with the test lecithinase and the Cl. haemolyticum lecithinase are 
dose of the toxin (2 e.u.) at room temperature for immunologically identical. 
Yy ' 
n Table 3. Inhibition of lecithinases by heterologous antitoxic sera 
| Inhibition of test dose (2 e.u.) 
co of lecithinase (%) 
. ; mae — potest 
Specific antitoxin Cl. oedematiens toxin 
— A ~ Cl. haemolyticum 
Kind Units toxin Type B Type A 
Cl. welchii «-antitoxin 2 Nil Nil Nil 
Cl. oedematiens y-antitoxin 3 — — 27 
14 _ 6 69 
70 3 7 100 
140 6 7 100 
Cl. oedematiens B-antitoxin 3 50 57 — 
{ 6 85 89 —- 
15 100 100 4 
75 100 100 17 
Table 4. Cross-inhibition of Clostridium haemolyticum and Clostridium oedematiens 
Type B lecithinases by the specific antitoxins 
eo (The test dose of Cl. haemolyticum toxin contained 1-56 e.u. and of Cl. oedematiens toxin 1-50 e.u.) 
n | 
,- } Inhibition of enzyme (%) 
c . ‘Y 
d | Cl. oedematiens B-antitoxin Cl. haemolyticum antitoxin 
Ss Todd 3, 1/500 EX 1250, 1/500 
of | cr A aS A 
ss Antitoxin Cl. haemolyticum Cl. oedematiens Cl. haemolyticum Cl. oedematiens 
a (ml.) toxin toxin toxin toxin 
r 0-2 37 35 37 20 
} 0-4 65 60 62 36 
0-6 79 66 75 53 
0-8 82 81 83 70 
; 
. 10 min., and then estimating the residual lecithinase DISCUSSION 





activity in the standard manner (Macfarlane, 
1948a). Table 3 shows that Cl. haemolyticum leci- 
thinase was not appreciably inhibited by an amount 
of Cl. welchit antitoxin which was known to be fifty 
times greater than that required to inhibit 2 e.u. Cl. 
welchii lecithinase, nor by amounts of Cl. oedematiens 
y-antitoxin more than sufficient to neutralize the y- 
lecithinase ; it was, however, readily inhibited by C1. 
haemolyticum antitoxin and by Cl. oedematiens B- 
antitoxin. 


While this work was in progress Jasmin (1947) re- 
ported that Cl. haemolyticum toxin gave reactions 
with human serum and lecithovitellin similar to 
those described by Nagler (1939) and Macfarlane, 
Oakley & Anderson (1941). He showed, further, that 
a parallelism existed between the intensity of these 
reactions and the haemolytic and lethal activity of 
the toxin, and suggested that all these properties 
were due to the activity of a lecithinase similar to Cl. 
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welchii lecithinase. Evidence of the existence of such 
a lecithinase has now been obtained by quantitative 
isolation of the products of hydrolysis, phosphoryl- 
choline and a neutral fat. Macfarlane & Knight 
(1941) designated a lecithinase of this type as leci- 
thinase C, following the designation by Belfanti, 
Contardi & Ercoli (1936) of the two types of leci- 
thinase known at that time as lecithinases A and B; 
lecithinase A splits off lysolecithin and lecithinase B 
two fatty acids from lecithin. Bard & McClung 
(1948) have stated that the designation of the Cl. 
welchit enzyme as a lecithinase C was incorrect, as 
the Italian authors (Contardi & Ercoli, 1933) had 
previously named the enzyme liberating choline 
from lecithin as a lecithinase C. It has, however, been 
pointed out by Miles & Miles (1950) that the existence 
of this enzyme was merely postulated by Contardi & 
Ercoli and in the subsequent review by Belfanti et al. 
(1936) only the lecithinases known to exist were 
designated. The designation of the Cl. welchii enzyme 
as a lecithinase C is therefore not incorrect. 

The lecithinase activity of different samples of Cl. 
haemolyticum toxin has not been directly correlated 
with their lethality, but the fact that the samples 
examined had an enzymic activity comparable to 
that of Cl. welchii toxins, taken in conjunction with 
Jasmin’s findings, affords reasonable evidence that 
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the main lethal and haemolytic agent in Cl. haemoly- 
ticum toxin is this lecithinase. The inhibitory action 


of heterologous antitoxic sera on this enzyme shows | 


that it is immunologically distinct from the leci- 
thinases of Cl. welchii and Cl. oedematiens type A; 
it is however closely related, and probably identical 
antigenically, with Cl. oedematiens type B lecithinase, 
as was expected from the finding of Oakley et al. 
(1947) that the t.v. factor of Cl. haemolyticum was 
apparently identical with Cl. oedematiens B-toxin. 


SUMMARY 


1. Clostridium haemolyticum toxin contains a 
lecithinase decomposing lecithin into phosphoryl- 
choline and a neutral fat. 

2. The toxin also decomposes sphingomyelin, but 
does not attack the kephalin types of phospholipin. 

3. The enzyme is inhibited by Cl. haemolyticum 
and Cl. oedematiens type B antitoxic sera, but not by 
Cl. welchii or Cl. oedematiens type A antitoxic sera, 
and is apparently identical antigenically with Cl. 
oedematiens B-toxin. 


I am indebted to Dr C. L. Oakley for giving me the 
opportunity to examine this toxin and for the gift of anti- 
toxins. 
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5. VARIATION IN HAEMOLYTIC ACTIVITY OF IMMUNOLOGICALLY DISTINCT 
LECITHINASES TOWARDS ERYTHROCYTES FROM DIFFERENT SPECIES 


By MARJORIE G. MACFARLANE 
The Lister Institute, Elstree, Herts. 


(Received 27 March 1950) 


As a result of related work in several laboratories, it 
has been established with reasonable certainty that 
the lecithinases present in the culture filtrates of 
Clostridium welchii, Cl. oedematiens type A, and Cl. 
oedematiens type B are identical respectiwely with 
the specific antigenic components designated Cl. 
welchii «-toxin, Cl. oedematiens B-toxin and Cl. 
oedematiens y-toxin, while Cl. haemolyticum leci- 
thinase is apparently identical antigenically with Cl. 
oedematiens B-toxin (Nagler, 1939; Macfarlane, 


R. G., Oakley & Anderson, 1941; Macfarlane & 
Knight, 1941; Oakley, Warrack & Clarke, 1947; 
Macfarlane, 1948, 1950). Culture filtrates of various 
strains of Cl. bifermentans also contain a lecithinase 
which has a similar biochemical action and is 
related antigenically to Cl. welchii lecithinase 
(Miles & Miles, 1947, 1950). 

Cl. welchii. «-toxin, the specific lecithinase, is @ 
lethal, haemolytic and necrotic toxin, so it might be 
supposed a priori that lecithinases with the same 
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biochemical action—decomposition of lecithin into 
phosphorylcholine and a diglyceride—would have 
the same haemolytic and lethal capacity, per unit of 
enzyme, as this toxin, however variable the enzyme 
content of the crude toxin, in units/ml., might be. It 
was pointed out by Oakley e¢ al. (1947) that in fact 
these lecithinases differ in their haemolytic capacity ; 
thus Cl. welchii «-toxin readily attacks sheep ery- 
throcytes, which are relatively insensitive to the Cl. 
oedematiens y-toxin, but hardly affects horse ery- 
throcytes which are very sensitive to the Cl. 
oedematiens toxin. (Dr Oakley informed me that the 
statement by Oakley et al. (1947) that Cl. oedematiens 
8-toxin was similar to the y-toxin was an error, and 
that horse and sheep cells are equally sensitive to the 
p-toxin.) Miles & Miles (1947, 1950) have pointed 
out that, relatively to the lecithinase activity, 
samples of Cl. bifermentans toxin are much less toxic 
to mice than Cl. welchii toxin. The examination of 
the Cl. bifermentans toxins carried out by these 
authors does not exclude the possibility that these 
toxins contained another lipolytic enzyme in addi- 
tion to a lecithinase C, since the identification of 
phosphoryleholine and a neutral fat as sole end 
products of the hydrolysis of lecithin was not un- 
equivocal. The presence of such an enzyme, however, 
though it might account for some discrepancies in 
titres and the apparent differences in the toxicity of 
lecithinases from different strains of Cl. bifermentans, 
could scarcely affect the gross difference in toxicity 
for mice between the lecithinases of Cl. welchit and 
Cl. bifermentans, nor the qualitative differences in 
the haemolytic effect on erythrocytes of different 
species. 

Oakley et al. (1947) concluded that something was 
involved in the haemolysis of different types of cells 
by different lecithinases besides the enzymic attack 
on lecithin. Miles & Miles (1947) suggested that 
differences between the lecithinases might reside 
either in a readiness of absorption to certain tissue 
structures that is independent of lecithinase activity, 
or in the presence in the body of activators to one but 
not to the other. It appeared probable to the writer 
(Macfarlane, 1948) that haemolysis by these toxins 
is dependent upon the hydrolysis of the cell phospho- 
lipin and that differences in sensitivity are due 
primarily to variations in the rate of the hydrolysis 
with the species of red cells for any one lecithinase, 
or with the kind of lecithinase for cells of any one 
species, because the mutual access of enzyme and 
substrate might be affected by the specific structure 
of the enzyme or the cell. A direct comparison of the 
rate of decomposition of the phospholipin of intact 
sheep and horse erythrocytes by amounts of Cl. 
welchii and Cl. oedematiens lecithinases equal in 
activity towards aqueous emulsions of lecithin has 
now been made, and shows that striking differences 
exist. An attempt was also made to correlate the 
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rate of decomposition of the cell phospholipin with 
the rate of haemolysis; these experiments were com- 
plicated by the phenomenon of ‘hot-cold’ lysis, and 
some observations upon this are included in this 


paper. 
EXPERIMENTAL 


Materials and methods 


Lecithinases. The toxins used as sources of the immuno- 
logically distinct lecithinases, which are designated through- 
out as the specific antigen, were: for Cl. welchii «-toxin, 
glycerinated or dry toxins derived from Cl. welchii type A, 
strain $107; for Cl. oedematiens B-toxin, dry Cl. haemo- 
lyticum or Cl. oedematiens type B toxin; and for Cl. oede- 
matiens y-toxin, dry Cl. oedematiens type A toxins. The 
lecithinase activity of the toxins was determined, and 
checked from time to time, and solutions of the required 
strength were made up in 0-9% NaCl immediately before 
use. 
The Cl. welchii toxin used was found to be free from 
6-toxin, as the haemolytic activity was not decreased in 
presence of 9-antitoxin. In several of the haemolysis experi- 
ments, the toxins were heated in borate buffer pH 8-0 for 
15 min. at 38° to inactivate any receptor-destroying enzyme 
(McCrea, 1947) which might have affected the cells, and the 
lecithinase activity was then redetermined before use. This 
treatment, however, made no consistent difference to the 
course of haemolysis. 

Erythrocytes separated from samples of defibrinated, 
oxalated or citrated blood were washed three times by 
centrifuging with 0-9% NaCl immediately before use, and 
the packed cells were suspended in 0-9 % NaCl at the desired 
concentration, usually 50 or 80% (v/v). 

Lecithinase activity. The enzyme activity was measured by 
the liberation of acid-soluble P from an aqueous emulsion of 
egg lecithin at pH 7-6 and 37°, one enzyme unit (e.u.) being 
the amount liberating 0-1 mg. P in 15 min. under standard 
conditions (Macfarlane & Knight, 1941). 

Ether-soluble phospholipin of erythrocytes. Measured 
amounts of the reaction mixtures, usually 5 ml. containing 
2 ml. cells, were extracted twice, for 2 hr. at room temper- 
ature with occasional stirring, with 6 vol. of a 1:2 ethanol- 
ether mixture. The two extracts, separated by centrifuging, 
were combined and evaporated in vacuo in a filter flask 
warmed up by occasional immersion in hot water; the 
residue was extracted with ether, and the ethereal solution, 
cleared by centrifuging, was measured or made up with 
ether to a known volume. The phospholipin content was 
then estimated by colorimetric determination of total P in 
samples after wet ashing. 

It is not considered that this method of extraction is 
ideal, i.e. that 100% of the phospholipin is extracted by 
ether-ethanol in these conditions, but it is practicable. 
A third extraction made no substantial difference to the 
total, and duplicate determinations usually agreed within 
+5%. The values for lipid P were in reasonable accord with 
others quoted in the literature; thus 2 ml. packed sheep cells 
generally yielded about 0-2 mg. lipid P, of which about 50% 
was not decomposed by Cl. welchii lecithinase and was there- 
fore regarded as kephalin. Erickson, Williams, Bernstein, 
Avrin, Jones & Macy (1938) found, for two sheep, an average 
of 330mg. phospholipin/100 g. cells, which is approxi- 
mait:> 13 mg. P/100 ml. cells, of which 50% was kephalin. 
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In the present experiments, the lipid P liberated by the 
lecithinase would include both lecithin and sphingomyelin 
P, but the fraction is termed ‘lecithin’. 


Rate of hydrolysis of phospholipin of horse and sheep 
erythrocytes in situ by different lecithinases 


In these experiments, the different lecithinases 
were diluted freshly in saline (0-9 % sodium chloride) 
to give solutions of known enzymic activity, de- 
termined by the rate of hydrolysis of egg lecithin in 
standard conditions. A measured amount of red 
cells in saline was diluted with more saline according 


Table 1. Hydrolysis of phospholipin of sheep and 
horse erythrocytes by Clostridium welchii «-toxin 
(The values are given for 5 ml. mixture containing 0-5 or 

1-0 ml. cells and 1 e.u. lecithinase, incubated at 37°.) 


Sheep cells Horse cells 





c ‘\ 
Initial lipid P Exp. A Exp. B Exp. A Exp. B 





(ug) «-- 100, 108 47, 46 82, 86 30, 30 
Incubation P hydrolysed (g.) 
(min.) A : ~ 
10 14 15 0 0 
20 24 22 0 0 
30 40 23 4 4 
45 38 24 14 13 
60 4 23 14 13 


Table 2. Hydrolysis of phospholipin of sheep and 
horse erythrocytes by Clostridium oedematiens y- 
toxin 
(The values are given for 5 ml. mixture containing 1-0 ml. 

cells and 0-5 e.u. lecithinase at 37°.) 


Lipid P (yg.) 





a 
Sheep cells Horse cells 





Time c a + 
(min.) Exp. A Exp. B Exp. A Exp. B 
0 {104 110 105 87 

(105 110 104 87 
10 108 110 103 85 
20 108 108 91 79 
30 106 104 86 68 
45 106 104 79 60 
60 110 104 73 53 
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to the final concentration of cells required, sufficient 
borate (Palitsch) buffer, pH 7-6 containing 0-06m- 
calcium chloride, was added (1/5 of the final volume) 
to give 0-012M-Ca++ overall, and the mixture 
warmed to 37°. A measured amount of the required 
enzyme was then added. Samples (5 ml.) were re- 
moved at once, and at intervals during incubation at 
37°, into 50 ml. centrifuge pots and treated im- 
mediately with 30 ml. of the ethanol-ether mixture, 
which stopped the enzyme action. The extraction 
and estimation of lipid P was then carried out as 
described. 
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Fig. 1. Rate of hydrolysis of phospholipin of sheep and 
horse erythrocytes by Cl. oedematiens B- and y-toxins. 
Curve A, y-toxin, horse cells; B, y-toxin, sheep cells; 
C, B-toxin, horse cells; D, B-toxin, sheep cells. 0-5 e.u. 
enzyme, | ml. cells per 5 ml. mixture. 


Experiments were carried out with the concentra- 
tion of cells varied from 0-5 to 2-0 ml. packed cells per 
5 ml. mixture, and with the concentrations of enzyme 
varied from 0-5 to 2 e.u. per 5 ml. mixture. As it was 
technically awkward to obtain hydrolysis curves 
with short time intervals simultaneously for the six 
combinations tested (three lecithinases, two kinds of 
cell) the experiments were varied so that on one day 
different enzymes were used with one sample of cells, 
and on another day the same enzyme solution was 
tested simultaneously on horse and sheep cells and 
so forth. The absolute results, in pg. P hydrolysed in 
a given time, and particularly in the total amount 


Table 3. Comparative hydrolysis of phospholipin of sheep and horse erythrocytes by Clostridium welchii 
a-toxin and Clostridium oedematiens y-toxin 


(The values are given for 5 ml. mixture containing 1-0 ml. cells and 0-5 e.u. of the specific lecithinase, incubated at 37°.) 














Cells Sheep Horse 
c ct 
Toxin Cl. welchii Cl. oedematiens Cl. welchii Cl. oedematiens 
c 7 \ co —. , *- =~ — —— 
Time Lipid P Decrease Lipid P Decrease Lipid P Decrease Lipid P Decrease 
(min.) (ug-) (ug-) (ug-) (ug-) (ug-) (ug-) (ug-) (ug) 
i) 95, 96 — 95, 96 — 92, 100 — 92, 100 _ 
15 99 — 99 — 99 — Lost 
30 86 10 100 -- 92 4+ 74 22 
45 78 18 110 —- 85 1l 71 25 
60 72 24 94 — 75 2 60 26 
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hydrolysed in experiments continued until no 
further hydrolysis occurred, varied in experiments 
which were nominally identical except that the 
sample of blood had been drawn from a different 
individual or perhaps stored at 4° for a day or two. 
The most probable explanation of this variability is 
that, as will be shown later, the hydrolysis of lecithin 
precedes the haemolysis (i.e. precedes the actual 
liberation of haemoglobin into the medium) ; sooner 
or later, however, haemolysis occurred in all these 
mixtures, but the time of onset of haemolysis varied 
somewhat with different samples of blood in 
nominally identical systems. The lecithinases are 
affected by laked cells (for instance, under the 
standard conditions of testing, the activity of 1 e.u. 
of Cl. welchii or Cl. haemolyticum lecithinase was 
reduced by 75 % by the presence of laked sheep cells 
ata final concentration of 1/100), so that in nominally 
identical experimental mixtures the lecithinase 
would begin to be affected at a time determined by 
the ‘fragility’ of the particular cells used. It is there- 
fore the differences in the initial rates of hydrolysis 
of the cell phospholipin that most truly reflect the 
differences of affinity in the combinations studied. 

Some representative experiments are shown in 
Tables 1-3 and Fig. 1. It may be emphasized that 
in these experiments the actions of equal amounts in 
standard enzyme units of the different lecithinases 
were being compared. Table 1 shows that Cl. welchii 
a-toxin hydrolyses the phospholipin in sheep cells 
more rapidly than that in horse cells and that the 
hydrolysis, on occasion, ceased before the whole of 
the hydrolysable P had been liberated. Table 2 shows 
that Cl. oedematiens y-toxin attacks the horse cell 
more rapidly than the sheep; this table shows the 
actual amounts of P estimated. Table 3 shows an 
experiment m which the actions of equal amounts of 
these two toxins on the same samples of horse and 
sheep cells were examined almost simultaneously, 
and again shows the marked differences in the initial 
rates of hydrolysis. Fig. 1 illustrates the results of a 
similar experiment comparing the action of Cl. 
oedematiens B-toxin on horse and sheep cells; this 
toxin attacked both kinds of cell at about the same 
rate. The curves for Cl. oedematiens y-toxin from the 
values in Table 2 are included in Fig. 1 to show the 
differences between the two toxins. 

Summarizing these results, it appears that 
amounts of the diffezent lecithinases which are equal 
in biochemical activity, judged by the rate of hydro- 
lysis of egg lecithin in aqueous emulsion, attack the 
phospholipin of intact erythrocytes at different 
rates, and that the rate can vary with the kind of 
erythrocyte as well as with the kind of lecithinase. 
The actual differences found were consistent with the 
finding of Oakley et al. (1947), based on estimations 
of the minimum haemolytic dose of the toxins in 
standard conditions, that sheep cells are more 
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sensitive than horse cells to Cl. welchii «-toxin, but 
less sensitive to Cl. oedematiens y-toxin, and that 
sheep and horse cells are about equally sensitive to 
Cl. oedematiens B-toxin. 


Comparative rates of hydrolysis of the extracted phos- 
pholipin of sheep cells by immunologically distinct 
lecithinases 


It seemed possible that the differences in the rate 
of decomposition of the phospholipin in intact cells 
might be due to differences in the relative proportions 
of lecithin and sphingomyelin in cells from different 
species, or perhaps to differences in the proportions 
of «- and £-lecithin present ; that is to say, the differ- 
ences might be due mainly to differences in the 
nature of the substrate available, the different leci- 
thinases having different affinities for different sub- 
strates. The phospholipin was therefore extracted 
from sheep cells and the rates of hydrolysis of the 
cell lipin and of egg lecithin by Cl. welchii and Cl. 
oedematiens y-toxin were compared. 

Sheep cells (400 ml.) were washed with saline, haemolysed 
in 20 vol. of cold water and the stroma collected after acidi- 
fication to pH 5-8. The stroma were extracted twice with 
2 vol. ethanol-ether (1:2) mixture, the extract was evapor- 
ated to small bulk and treated with acetone. The precipi- 
tated phospholipin was washed with acetone, and emulsified 
in water (15 ml.). The emulsion contained 0-89 mg. P/ml. 
The action of Cl. oedematiens y-toxin and of Cl. welchii «- 
toxin on this cell-lipid preparation and on an emulsion of 
egg lecithin containing 0-91 mg. P/ml. were compared 
simultaneously. As only 50% of the phospholipin of the 
cell is hydrolysed by these lecithinases, the amounts of 
sheep lipid and lecithin added were adjusted to give nomin- 
ally the same concentration of hydrolysable P. 


The results (Table 4) show that both the toxins 
hydrolysed the extracted phospholipin more slowly 
than lecithin; probably a large proportion of the cell 


Table 4. Hydrolysis of extracted phospholipin of 
sheep cells by Clostridium oedematiens y-toxin and 
Clostridium welchii «-toxin 
(The mixture contained 1 ml. (approx. 0-5 e.u.) toxin; 

1-8 mg. sheep lipid P or 0-9 mg. egg lipid P; 1 ml. Ca- 

borate buffer; and water to 6-0 ml. Incubated at 37°.) 








Hydrolysis 
(ug. P) Ratio of 
Phospho- A rates 
Toxin lipin 15min. 30min. Sheep/egg 
Cl. oedematiens Sheep 25 34 0-36 
Egg 70 133 
Cl. welchii Sheep 16 28 0-33 
Egg 49 79 


phospholipin is sphingomyelin, which is more slowly 
hydrolysed than lecithin. The relative rates of 
hydrolysis of the two substrates by the two toxins, 
however, were practically the same. There is no indi- 
cation in this experiment that the different toxins 
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have a different rate of attack upon the extracted 
phospholipin of the sheep cell which would account 
for the difference in the rate of attack in the intact 
cell. But it may be noted that the hydrolysis of the 
extracted phospholipin did not go to completion 
(approximately 50 %); this may be due to differences 
in the dispersion of the extracted substrates, but 
more extensive investigation on the nature of the 
phospholipins and their relative rates of hydrolysis 
are necessary before it could be concluded that there 
is no difference at all in the substrate affinities of the 
different toxins. 


The extent of ‘hot-cold’ lysis with erythrocytes 
of different species 

Haemolysis, in the sense of liberation of haemo- 
globin from the cell into the medium, is clearly 
secondary to some alteration of the cell membrane by 
the lytic agent. As it was intended to look for a 
correlation between the degree of decomposition of 
the phospholipin of the cell and the degree of 
haemolysis it was necessary to know whether the 
secondary effect, the haemolysis, had the same 
course in different kinds of cell, for the phenomenon 
is complicated by the fact that Cl. welchit «-toxin is 
a so-called ‘hot-cold’ lysin (ef. Glenny & Stevens, 
1935). It was shown by van Heyningen (1941) that 
there might be no visible haemolysis in a mixture of 
sheep cells and Cl. welchit «-toxin after incubation at 
37°, but that if the mixture were cooled a rapid and 
extensive haemolysis took place; the lysis during the 
‘cold’ period was apparently independent of the 
action by the toxin, as it still took place when anti- 
toxin was added after incubation and before cooling. 
The extent of ‘hot-cold’ lysis with erythrocytes from 
different species was therefore examined. 


The general method adopted was to incubate a mixture of 
10 ml. cells (50% v/v), 5-0 ml. borate buffer pH 7-6 con- 
taining 0-06M-CaCl, and 10 ml. of diluted Cl. welchii toxin 
in 0-9% NaCl at 37°; 1 ml. samples were pipetted out at the 
desired times into each of a number of centrifuge tubes 
containing 5 ml. Cl. welchii antitoxin diluted in similar 
buffer-saline and already warmed in the same thermostat. 
The amount of antitoxin (50 i.u.) was fifty times the amount 
required for neutralization of the toxin, to ensure that the 
action was stopped at once. The contents of the tubes were 
mixed by inversion and the tubes cooled for 10 min. in 
beakers of water at different temperatures. The water was 
stirred by hand with a thermometer about every 2 min. 
during the period of cooling and kept at the desired temper- 
ature by the cautious addition of ice water. The tubes were 
then centrifuged simultaneously for 4 min.; the haemo- 
globin in the supernatant was estimated by colorimetric 
comparison with a standard prepared by haemolysing 1 ml. 
of the reaction mixture in 5 ml. water. The amount (e.u.) of 
toxin added, or the time of incubation, was adjusted as 
necessary to give from 1 to 30% haemolysis at 37°. Control 
experiments showed that in the absence of toxin no haemo- 
lysis occurred during the incubation or on cooling. Cooling 
the tubes for 30 min. instead of 10 min. slightly increased 


M. G. MACFARLANE 





1950 


the ‘cold’ lysis at temperatures below 10°, presumably 
because of slower diffusion at the lower temperatures, but 
as the trend of the results was not affected the shorter period 
of cooling was used. 


Extent of ‘cold’ lysis in sheep cells. A mixture of 
sheep cells and Cl. welchii toxin was incubated as 
described above, and at intervals two samples were 
removed into warm antitoxin-saline, one being held 
at 37° and the other cooled at 1°. Table 5 shows that 
after 5 min. incubation a trace (0-3 %) of haemolysis 
in the tube at 37° was increased to 10 % on cooling; 
and after 10 min. incubation, though the ‘hot’ lysis 
increased only from 0-3 to 0-6 %, the ‘cold’ lysis in- 
creased to 75%. 


Table 5. ‘Hot-cold’ lysis of sheep cells with 
Clostridium welchii toxin 


(The reaction mixture (60 ml.) contained 12 e.u. leci- 
thinase and 12 ml. 50% (v/v) cells. The haemolysis was 
measured after addition of antitoxin to the sample.) 


Incubation with 


Haemolysis (%) 
toxin at 37° ; 





SR ERED: 3 
(min.) _At 37° At 1° 
5 0-3 10 
1¢ 0-6 75 
20 4:8 92 
30 10-4 100 


Variation in ‘cold’ lysis with temperature of cooling. 
A mixture of sheep cells and Cl. welchii toxin was in- 
cubated for 15 min. at 37°, and samples after dilution 


100 
90 
80 
70 
= 60 
= 50 
5 
2 40 
30 
20 
10 
0 
40 30 20 10 0 


Temp. (°) 


Fig. 2. Variation in ‘cold’ lysis with temperature of cooling. 
The mixture of sheep cells and Cl. welchii toxin (1 e.u./ 
5 ml.) was incubated 15 min. at 37°; samples were then 
mixed with antitoxin and cooled for 10 min. 


with the warm antitoxin were cooled at different 
temperatures in the range 37-1°. Fig. 2, in which the 
percentage haemolysis is plotted against the temper- 
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ature of cooling, shows that, with a ‘hot’ lysis at 37° 
of 1%, cooling from 37 to 20° caused little ‘cold’ 
lysis, but about 18—14° there is a marked inflexion in 
the curve, and at 10 and 1° the ‘cold’ lysis was 40 
and 75 % respectively. 

Variation in ‘cold’ lysis with erythrocytes from 
different species. Similar experiments were carried 
out with cells from horse, rabbit and human blood. 
The amount of Cl. welchii toxin added had to be 
varied owing to the different sensitivities of the cells, 
and was arranged by trial to give between 1 and 20% 
haemolysis at 37° in 15 min. The results show that 
the extent of ‘cold’ lysis is very different in different 
species (Table 6). With horse cells there is an in- 
flexion in the temperature curve similar to that with 


HAEMOLYSIS BY CLOSTRIDIAL LECITHINASES 


275 


time the sample was taken for phospholipin estima- 
tion. 


The experiments were carried out with different combina- 
tions of the specific toxins and sheep or horse cells, in a 
similar manner to those already described (p. 272), the cells 
being incubated with the toxin in buffer-saline containing 
CaCl, in a thermostat at 37°; the amount of toxin (e.u.) was, 
however, varied so as to get suitable rates for measurement 
over experimental periods of 2-3 hr. Samples for haemo- 
globin determination were removed into tubes already 
warmed in the thermostat, rapidly centrifuged and the 
supernatant removed, approx. 5min. after taking the 
sample, for estimation by colorimetric comparison with a 
laked standard. The sample for haemoglobin was therefore 
in contact with the active toxin slightly longer than its pair 
for phospholipin determination; but the specific antitoxins 


Table 6. Extent of ‘cold’ lysis in erythrocytes of different species 


(Mixtures of the cells with Cl. welchii toxin were first incubated at 37° for 15 min.; samples were mixed with antitoxin 
and cooled 10 min. The ‘hot’ lysis (37°) was varied in different experiments by varying the amount of toxin.) 


Haemolysis (%) after cooling at 





Species cr ——. 

of cell 37° 20° 18° 16° 14° 10° 5° 1 
Sheep ‘ 1 3 5 9 14 41 63 75 
Horse (a) 1 1 2 2 2 3 8 14 
Horse (5) 18 17 15 17 16 20 24 38 
Rabbit 19 14 — 14 — 14 14 14 
Human 12 13 = 13 as 13 14 15 


sheep cells, but the increase in haemolysis is much 
less marked, e.g. with an initial ‘hot’ lysis at 37° of 
1%, the total haemolysis on cooling to 1° was 75% 
with sheep cells, but only 14 % with horse cells. With 
rabbit and human cells, cooling had practically no 
effect on the total iaemolysis ; sometimes the values 
were slightly lower after cooling, presumably owing 
to slower diffusion. Similar results were obtained 
with Cl. haemolyticum toxin. 

It appears from the experiments that the pheno- 
menon of ‘hot-cold’ lysis is dependent not only on 
the action of a particular kind of lysin (for not all 
haemolysins give this effect), but also on the ability 
of the cell to undergo ‘cold’ lysis, which may vary 
with cells from different species. It is interesting 
that the curve relating temperature to the degree of 
‘cold’ lysis resembles those relating temperature to 
the surface area of films of fatty substances (Adam, 
1922); possibly the effect is directly connected with 
the fact that the lytic agent is a lecithinase. 


Correlation between the onset of hydrolysis of the 
cell phospholipin and the onset of haemolysis 


It was clear from the foregoing experiments that 
the degree of haemolysis after cooling was not a fair 
measure of the action of the haemolysin. A compari- 
son was therefore made of the rate of hydrolysis of the 
phospholipin in a mixture of cells and toxin with the 
rate of haemolysis, measuring the haemolysis which 
had actually occurred in the mixture at 37° at the 


were not all available in sufficient amount to enable the use 
of the alternative method of neutralizing the toxin and then 
taking both samples. 

Representative experiments with Cl. welchit a- 
toxin and Cl. oedematiens y-toxin acting on sheep and 
horse erythrocytes are shown in Fig. 3, the percent- 
age hydrolysis of phospholipin and the percentage 
hydrolysis being plotted against time. In all the 
systems, the hydrolysis of phospholipin preceded the 
haemolysis in the early stages of the reaction. The 
distinct lag in haemolysis is consistent with the idea 
that haemolysis is dependent upon the primary 
action of the lecithinase. 


Correlation between percentage hydrolysis 
and percentage haemolysis 


It was particularly noticeable in the experiments 
with Cl. welchit toxin and horse cells that after an 
appreciable hydrolysis of phospholipin had occurred, 
with little accompanying haemolysis, there was 
often a sudden increase in haemolysis so that the 
latter reached 100% before the maximum hydrolysis 
of phospholipin (about 50%) took place. Presum- 
ably the rate at which haemoglobin leaks from the 
cell at a particular time is a function, not directly of 
the rate of action of the lecithinase, but of the damage 
incurred by the cell at that time, i.e. the rate of 
leakage is constantly increasing, while the rate of 
enzymic action is tending to decrease as the substrate 
disappears. Upon this function may be superim- 
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posed the normal variation in fragility amongst a lar amount of phospholipin; this is not necessarily 
heterogenous population of cells. In a particular the same in cells from different species, as the 
experiment with one sample of blood, therefore, the architecture of the membrane may be different; and 
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Fig. 3. Correlation between rate of hydrolysis of phospholipin and rate of haemolysis of erythrocytes by Clostridium 
toxins. (a), Cl. welchii «-toxin (15 e.u.), sheep cells; (b), Cl. welchii «-toxin (7-5 e.u.), horse cells; (c), Cl. oedematiens 
y-toxin (1 e.u.), sheep cells; (d), Cl. oedematiens y-toxin (1-5 e.u.), horse cells. 

The mixtures contained 2 ml. packed cells, 1 ml. Ca-borate buffer and the stated amount of toxin per 5 ml. 


Percentage hydrolysis of phospholipin, x — x ; percentage haemolysis, @—®@. 


extent of haemolysis at a particular time dependson: (3) the variation in the mean fragility of the parti- 
(1) the rate of enzymic action, which may vary with cular sample of cells from the normal mean. 

the kind of lecithinase or the species of cell; (2) the In Fig. 4 the percentage hydrolysis of the ‘lecithin’ 
damage, in the sense of liability to leak, which is fraction (=50% of the total phospholipin) has been 
caused to the cell by the decomposition of a particu- plotted against the percentage haemolysis for all the 
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samples from three experiments with Cl. welchii 
toxin with different lots of sheep cells (Fig. 4a), and 
from three experiments with this toxin on horse cells 
(Fig. 4b). The figures indicate that the critical level 
of damage is different in the two kinds of cells, the 
horse cells being apt to lyse completely at any level 
over 50% hydrolysis of the ‘lecithin’ fraction, 
whereas the sheep cells were more resistant. It 
appears also that while at the lower values there is 
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calcium ions, with different cells and with different 
lecithinases. The experiments had to be arranged so 
that the supernatants were removed before haemo- 
lysis took place, as the activity of the lecithinase is 
decreased in the presence of laked cells. 

In none of the experiments was there any signifi- 
cant decrease in the enzymic activity of the super- 
natants. In comparative experiments, for instance, 
keeping one sample of a mixture at 0° until another 
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Fig. 4. Correlation between percentage hydrolysis of lecithin P and percentage haemolysis. 
Cl. welchii toxin on (a) sheep cells; (6) horse cells. 


some correlation between hydrolysis and haemolysis, 
the values of phospholipin hydrolysis corresponding 
to 50% haemolysis are very variable and lie in the 
critical region. The activity of haemolysins is some- 
times assessed by the time taken to reach 50% 
haemolysis, or by the dose necessary to reach this 
value in an arbitrary time. It seems possible that a 
lower value for the end point, e.g. 25-30% haemo- 
lysis, would give more reproducible results with 
different samples of blood, at least with this parti- 
cular type of haemolysis. 


Adsorption of lecithinases by erythrocytes 


It seemed possible that there might be differences 
in the rate of adsorption of the different lecithinases 
by different kinds of cells which might be the basis of 
the different rates of attack on the phospholipin. 
A considerable number of experiments with different 
conditions were carried out to test this possibility. 
A measured amount of lecithinase (from 0-5 to 
5e.u.) was added to a mixture containing washed 
cells (1-3 ml.) in a total volume of 5 ml., and after 
a time the cells were centrifuged down and the 
residual activity of the lecithinase détermined in the 
supernatant. Tests were carried out at 0°, room 
temperature and 37°, in the presence and absence of 


sample at 37° had haemolysed, there was still no 
measurable adsorption at 0°, although any adsorp- 
tion would presumably have been about as rapid at 
0° as at 37° and there had clearly been sufficient con- 
tact between the cell and the enzyme at 37° for the 
reaction to take place. In many of the experiments 
(e.g. with 0-5 e.u. of enzyme) the potential rate of 
haemolysis was limited by the concentration of the 
enzyme, so that a substantial, or at least a signifi- 
cant, decrease in the enzyme was expected if ad- 
sorption (that is to say, fixation) took place. It may 
be noted here also that no agglutination of the cells 
occurred on mixing with the toxin. 


DISCUSSION 


It has been generally accepted, though never form- 
ally proved, that the haemolytic, lethal and leci- 
thinase activities of Cl. welchiit type A toxins free 
from the @-haemolysin are all properties of a single 
agent, the Cl. welchii «-toxin. Direct evidence that 
haemolysis is dependent upon the decomposition of 
the phospholipin of the red cell, however, has hither- 
to been lacking. The experiments which have now 
been carried out with the three immunologically 
distinct lecithinases of Cl. welchit and Cl. oedematiens 
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toxins show that haemolysis was always preceded 
by decomposition of some of the phospholipin of the 
cells. Moreover, on comparing the rates of action of 
equal amounts (in enzyme units) of these three leci- 
thinases on sheep or horse erythrocytes, striking 
differences were observed which appear to be 
sufficient to account for the differences in sensitivity 
to the haemolysins noted previously by other 
workers. Thus, for example, Cl. oedematiens y-toxin 
hydrolysed the phospholipin in sheep cells more 
slowly, Cl. welchii «-toxin more quickly, than that 
in horse cells; these findings are in agreement with 
the observations of Oakley et al. (1947) in haemolytic 
tests that sheep cells are less sensitive than horse 
cells to Cl. oedematiens y-toxin, but more sensitive to 
Cl. welchit «-toxin. There seems little doubt that 
haemolysis by these toxins is due primarily to the 
action of the lecithinase present, and that differences 
in haemolytic sensitivity are due basically to differ- 
ences in the rate of hydrolysis of the phospholipin of 
the cell, though other differences in the structure of 
the cell may have an effect. It seems probable that 
the relative inactivity of Cl. bifermentans lecithinase 
as a haemolysin (Miles & Miles, 1950) is due to 
failure to attack the phospholipin in the cell. 

It appears that the differences in rate are not due 
to differences in the affinity of the different enzymes 
for the substrate as such, for no difference was 
detected in the action on phospholipin extracted 
from sheep cells. The differences must then be re- 
garded as reflecting the ‘goodness of fit’ between the 
individual enzyme and the cell surface in which the 
substrate is embedded. It is clear from immuno- 
logical data that differences in configuration amongst 
the lecithinases on the one hand, and amongst the 
species-specific red cells on the other, in fact exist 
and it seems probable that a difference in configura- 
tion which can determine immunological specificity 
would be sufficient to condition the approach of the 
enzyme to the cell surface. There is, of course, no 
evidence in the present work that the particular 
groups which determine the antigenic specificity of 
the enzyme or the erythrocyte would also determine 
the ‘goodness of fit’ between the enzyme and the 
cell, for non-antigenic groups might intervene, 
though it is convenient for argument to assume that 
the immunologically specific groups are those which 
also determine access. 

The experimental results have an interest beyond 
that of the actual haemolytic systems investigated, 
firstly in relation to the problem of virulence, and also 
in the wider problem of biological differentiation. 
It is well known that pathogenic organisms may show 
greater virulence in one species of animal than 
another, but the host-parasite relationship in vivo is 
a complex of many factors. In the haemolytic 
systems studied, the relationship is simplified to the 
rate of reaction in vitro between an enzyme of 
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specific structure and its substrate held in a particular 
kind of cell, and it appears that differences in these 
rates are sufficient to account for the differences in 
‘virulence’ where virulence is judged by the sensi- 
tivity to haemolysis. It may be thought that the 
‘goodness of fit’, in dimensions of the order which 
determine immunological or enzymic specificity, 
between the potentially toxic factor and the tissue, 
whether this is exercised at the portal of entry, or in 
further invasion or in actual necrosis, is the basic 
factor determining the virulence of a parasite in a 
particular host, or in determining the susceptibility 
of different tissues in a host to a particular parasite. 

This is, so far as is known, the first time that 
differences in the rate of action of biochemically 
similar but immunologically distinct enzymes upon 
a biological structure have been demonstrated, and 
the chemical basis of the differences is unknown. Two 
examples of known differences in chemical constitu- 
tion determining the biological effect in different 
species may be of interest. Dr Trevan informed me 
(ef. Collier, Paris & Woolf, 1948) that in its paralysing 
action on the diaphragm, dextro-tubocurarine is more 
effective in the mouse, but considerably less effective 
in the rat, than its dimethyl ether. The phenolic or 
methoxy] groups involved in this differentiation are 
not in the immediate vicinity of the quaternary 
nitrogen group which is the curarizing group; in the 
lecithinases the effect of other groups in the enzyme 
molecule upon the access of a substrate to the en- 
zymic groups may be analogous to that of substituent 
groups in the drugs. 

Bender & Krebs (1950), from an investigation of 
the rate of oxidation of «-amino-acids by amino-acid 
oxidases from different sources, concluded that the 
specific properties of the enzyme are no less im- 
portant than the structure of the amino-acid in 
determining oxidizability; for example, of eight 
straight-chain aliphatic monoaminomonocarboxylic 
acids, the L-amino-acid oxidase of cobra venom did 
not attack the C,, C,, C,,, C,, and C,, acids, while the 
L-amino-acid oxidase of Neurospora did not attack 
the C,,. C,, and C,, acids; the relative rates of attack 
on the remaining acids by the enzymes were also 
different. Considering this selectivity of action as 
being generally true for immunologically distinct 
enzymes, it is easy to imagine the bias in metabolism 
inherent in a species, either by absolute failure to 
utilize a particular substrate, or by differences in the 
rate of utilization, even though the enzymic groups 
concerned are identical and present in similar con- 
centrations in different species. Moreover, if in the 
development of an individual an enzyme molecule 
moves from its point of formation to some other site, 
its activity may be modified by the configuration of 
the site at which it becomes fixed, and such a modifi- 
cation may be perhaps a major factor in the differ- 
entiation of a tissue, the whole structure regulating 
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the partial functions. This conception could readily 


be elaborated, but whether such a modification in 
activity could be demonstrated is another matter. 


SUMMARY 


1. Haemolysis of horse and sheep erythrocytes by 
Clostridium welchii and Cl. oedematiens toxins was 
always preceded by decomposition of some of the 
phospholipin of the cell, indicating that haemolysis is 
primarily dependent upon the action of the lecithin- 
ases present. 

2. The rates of hydrolysis of the phospholipin of 
intact erythrocytes of horse and sheep by the three 
immunologically distinct lecithinases—Cl. welchii 
a-toxin and Cl. oedematiens B- and y-toxins—are 
different. 
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3. These differences appear sufficient to account 
for the known differences in sensitivity of horse and 
sheep cells to haemolysis by the immunologically 
specific lecithinases. 

4. After exposure to Cl. welchii «-toxin at 37°, 
sheep erythrocytes undergo extensive haemolysis 
(hot-cold lysis) on cooling below a critical temper- 
ature. This effect is less marked with horse cells and 
does not occur with human or rabbit erythrocytes. 

5. The significance of the selective action of the 
lecithinases on erythrocytes of different species is 
discussed with relation to the problem of virulence 
and biological differentiation. 


I am indebted to Dr C. L. Oakley for the gift of toxins and 
antitoxins, and wish to thank Miss J. Brockwell for her 
technical assistance. 
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It is believed that the halogenobenzenes are trans- 
formed in the body into phenols and into mercap- 
turic acids. Because cysteine is involved in mercap- 
turic acid formation, the sulphur conjugation of the 
halogenobenzenes has received considerable atten- 
tion. There seems, however, to be little information 
as to the relative amounts of the halogenobenzenes 
excreted as sulphur conjugates (mercapturic acids) 
and as oxygen conjugates (glucuronides and ethereal 
sulphates) (Witter, 1945). Earlier work (e.g. 


Binkley, 1949; Coombs & Hele, 1926; Rhode, 1923; 
Stekol, 1936; Shiple, Muldoon & Sherwin, 1924) 
attempted to correlate mercapturic acid formation 
with sulphate conjugation, but this gave an incom- 
plete picture because the glucuronic acid conjugation 


was left out of account. The object of the present 
work was to find out how the halogenobenzenes are 
distributed over the three conjugations, sulphate, 
glucuronic and mercapturic acid. The view that 
sulphur conjugation of aromatic compounds may be 
the precursor of their oxygen conjugations (Quick, 
1937) was kept in mind. A study of the conjugation 
of the chlorophenols (cf. Baumann & Preusse, 1879; 
Shiple et al. 1924; Coombs & Hele, 1926; Kiilz, 1883) 
was included for comparison, and at the same time 
the o-, m- and p-chlorophenylglucuronides were pre- 
pared biosynthetically as reference compounds and 
for further information on the anomalous optical 
rotations of acetylated o-substituted phenylglucu- 
ronides (Smith, 1949). 








280 
METHODS AND MATERIALS 


Materials. The halogenobenzenes and o- and p-chloro- 
phenols were commercial samples. m-Chlorophenol was pre- 
pared from m-chloraniline (Holleman & Rinkes, 1911). The 
halogenobenzenes and o-chlorophenol were purified by dis- 
tillation ; chlorobenzene, b.p. 132°; bromobenzene, b.p. 156°; 
iodobenzene, b.p. 188°; o-chlorophenol, b.p. 175-176°; m- 
and p-chlorophenols were recrystallized from ligroin and 
had m.p. 31-5 and 42-5°, respectively (all melting points 
and boiling points quoted in this paper are uncorrected). 

Reference compounds. For identification purposes, the 
toluene-p-sulphonates of the chlorophenols were prepared 
and used. The o- (m.p. 75°) and p- (m.p. 71°) esters are 
described by Wild (1947). The 3-chlorophenyl tolwene-p- 
sulphonate appears to be new. It formed colourless prisms, 
m.p. 42°, from ethanol. (Found: C, 55-5; H, 4-1. C,,;H,,0,CIS 
requires C, 55-2; H, 39%.) These compounds have low 
melting points, but they could easily be obtained in 95-100 % 
yields. 

Animals. Chinchilla rabbits, kept on a carefully controlled 
diet of 75 g. Lever’s cubes per day and water ad lib., were 
used. This diet was found to contain 0-5% cystine. The 
compounds, emulsified with water, were administered by 
stomach tube. 

Analytical methods. Ethereal sulphate was determined by 
the Folin gravimetric method, glucuronic acid according to 
Hanson, Mills & Williams (1944), and mercapturic acid, with 
slight modifications for rabbit urine, according to Stekol 
(1936). O-Acetyl was estimated according to the method 
of Alicino(1948) for acetylated sugars. In this method it was 
found that with the triacetyl glucuronidamides described 
below, 5hr. in 0-01N-NaOH at room temperature was 
necessary for the quantitative removal of the acetyl groups. 


Quantitative results 


Halogenobenzenes. The results with these compounds are 
summarized in Table 1. In all cases the compounds were fed 
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Fig. 1. Excretion of glucuronic acid, ethereal sulphate and 
mercapturic acid by rabbit no. 13 which had received 
345 mg. chlorobenzene orally on the fourth day of the 
experiment. —@-@, glucuronic acid; —x-—x, ethereal 
sulphate; -©-@, mercapturic acid. 


in amounts equivalent to 150 mg. chlorobenzene/kg., i.e. 
bromobenzene at 210 mg./kg. and iodobenzene at 272 mg./kg. 
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It was noted that the increase of ethereal sulphate and 
glucuronic acid above normal following the feeding of chloro- 
and iodo-benzene appeared only for 1 day, whereas the 
excretion of mercapturic acid lasted for 2 days (Fig. 1). In 
the case of bromobenzene, all three conjugations remained 
above normal for 2 days (Fig. 2). It is clear that, on the diet 
provided, just over 20% of all three halogenobenzenes are 
eliminated as the corresponding mercapturic acid. Ethereal 
sulphates (Z) and glucuronides (G) are produced in equal 
amounts, i.e. the ratio (G/Z) is nearly unity. Furthermore, 
the oxygen conjugation is 2-5-3 times the sulphur con- 


jugation. 
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Fig. 2. Excretion of glucuronic acid, ethereal sulphate and 
mercapturic acid by rabbit no. 130 which had received 
701-5 mg. of bromobenzene orally on the fifth day of the 
experiment. —@-@, glucuronic acid; -x-—x, ethereal 
sulphate; -©-@©, mercapturic acid. 


Chlorophenols. In this case the metabolites are all oxygen 
conjugates, there being no sulphur conjugation (see Table 1). 
In the case of o- and m-chlorophenols about four times as 
much glucuronide is excreted as ethereal sulphate and with 
p-chlorophenol seven times. Thus the G/E ratio for the 
halogenobenzenes is entirely different from that of the 
halogenophenols. 


Isolation of chlorophenylglucuronide derivatives 


All urines from rabbits receiving chlorophenols were 
normal in appearance, faintly alkaline and non-reducing. 
The naphthoresorcinol test was strongly positive. 

o-Chlorophenol and derivatives. o-Chlorophenol was more 
toxic than its m- and p-isomers, and in doses greater than 
0-3 g./kg. it caused twitching of the limbs and the animals 
became distressed. The m- and p-isomers showed these effects 
in higher doses. 

o-Chlorophenol (9-5 g.) was fed to six rabbits and the 
24 hr. urine (675 ml.), after making faintly acid with a few 
drops of conc. HCl, was continuously extracted with ether 
for 8hr. until the extract no longer gave a colour with 
2:6-dichloroquinone chloroimine. The extract was dried with 
anhydrous Na,SO, and evaporated to dryness at 20°. The 
residual reddish brown gum (0-34 g.) was dissolved in NaOH 
(5 ml. of 10% w/v) and then shaken for 0-5 hr. with 5 ml. 
acetone containing 0-6 g. toluene-p-sulphony] chloride. The 
mixture was poured into 75 ml. cold water and a crystalline 
precipitate separated during the next 24 hr. On crystal- 
lization from ethanol, the precipitate yielded 32 mg. (0-15% 
of dose) of 2-chloropheny! toluene-p-sulphonate, m.p. 73°; 
mixed m.p. with authentic material, 74°. 
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Table 1. 
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Urinary excretion of ethereal sulphate, glucuronide and mercapturic acid by rabbits 


receiving halogenobenzenes and chlorophenols orally 


(All doses were molecular equivalents of 150 mg. chlorobenzene/kg. i.e. bromobenzene, 210, iodobenzene, 272 and 
chlorophenols, 171-3 mg./kg. Three rabbits used for each compound. Figures in columns 2, 3 and 4 give values for individual 


rabbits and means.) 


Percentage of dose excreted as 





Ethereal 
Glucuronide sulphate 
Compound (@) (£) 
Chlorobenzene 25-6 23-8 ) 
29-1 } 25-2 27-5} 26-6 
31-0) 28-4) 
sromobenzene 39-2) an.c 34-5) on. 
41-2) 402 39-1) 368 
Iodobenzene 38-1 ) 27-5) 
27-8; 31-3 34-3 ; 29-6 
28-0) 27-7) 
o-Chlorophenol 77-2) 25-6 | 
85-7 ; 82-4 14-5; 18-7 
84-4) 15-9) 
m-Chlorophenol 75-4) 20-1 
83-2} 78-1 16-4; 20-6 
75-7 24-4) 
p-Chlorophenol 85-5 ) 13-3 ) 
89-5 ; 88-3 15-9 - 12-8 
90-0) 9-1) 


o-Chlorophenylglucuronidamide. A basic lead acetate pre- 
cipitate was prepared from the 24 hr. urine of nine rabbits 
which had received, collectively, 10g. of o-chlorophenol. 
The Pb was removed with H,S and the glucuronide gum 
prepared as described by Garton & Williams (1948) for 
catechol glucuronide. The brown gum (17-3 g.) was purified 
by dissolving in 20 ml. water and pouring into 400 ml. 
absolute ethanol. A dirty white precipitate which formed 
was discarded and the solution was evaporated under reduced 
pressure to a clear yellow gum (11-7 g.). The precipitation 
with ethanol was repeated and finally o-chlorophenyl- 
glucuronide was obtained as a clear yellow non-reducing 
gum (8-9 g.) which could not be crystallized. It was 
methylated by repeated treatments of its ethanolic solution 
with ethereal diazomethane. Removal of the solvents left 
o-chlorophenyl-glucuronide methyl ester as a non-crystal- 
line gum. (Found: OMe, 11-3. C,,;H,,0,Cl requires OMe, 
102%.) 

The above ester (7-8 g.) was dissolved in 20 ml. methanol 
and the solution saturated at 0° with dry NH,. After keeping 
at 0° overnight in a stoppered flask, a small precipitate was 
filtered off and discarded. The filtrate was reduced in vacuo 
to a semi-crystalline gum (8 g.) which was dissolved in 
20 ml. water, treated with charcoal and filtered. Addition 
of 20 ml. ethanol to the filtrate caused no crystallization. 
Treatment with a large volume of ether caused the separation 
of an oil which, on scratching, crystallized. The crystals (7 g.} 
were purified by dissolving in ethanol and precipitating 
with ether. The f-o-chlorophenyl-p-glucuronidamide hemi- 
hydrate was obtained as colourless needles, m.p. 202°, and 
[x] #*5° — 69-5° (c, 0-3 in methanol). (Found: C, 45-9; H, 5-3; 
N, 4-7; Cl, 11-7. C,,H,,O,NCI, 0-5H,O requires C, 46-1; H, 
4-8; N, 4-5; Cl, 113%.) On acid hydrolysis with 4N-HCl 
for 2-5 hr., the amide yielded o-chlorophenol which was 
identified as the toluene-p-sulphonate. 


Ratio: Total 
- O-conjugation/ conjugation 
Mercapturic S-conjugation (percentage 
acid Ratio (= of dose) 
(M) G/E | M G+E+iM 
21-2 
19-8 ; 20-4 0-95 2-5 72-2 
20-2 
19-9) 5, . 
21-95 20-9 1-09 3-7 97-9 
24-3) 
20-7 ; 22-6 1-06 2-7 83-5 
23-8 
0 
0 4-4 —_ 101-7 
0 
0 
0 3-8 — 98-7 
0 
0 
0 6-9 _— 101-1 
0 


The above amide (0-2 g.) was added to a mixture of 1 ml. 
acetic anhydride and 1 ml. pyridine. The amide slowly dis- 
solved in 1 hr.at room temperature. After keeping overnight, 
water was added to the mixture until a permanent opales- 
cence appeared. On cooling to 0° crystals appeared, and 
crystallization was completed by further addition of water. 
The crystals (212 mg.) were recrystallized from aqueous 
ethanol. The triacetyl-B-o-chlorophenyl-p-glucuronidamide 
formed plates soluble in methanol, ethanol and CHCI,. It 
melted at 126° and showed [«]7)° —45-3° (c, 0-3 in ethanol). 
(Found: CH,CO, 30-1. C,,H,»0,NCl requires CH,CO, 30-1 %.) 


Derivatives of m-chlorophenylglucuronide 


m-Chlorophenol (9-7 g.) was fed to six rabbits. From the 
24 hr. urine, 0-29% of the dose was isolated by ether ex- 
traction as free m-chlorophenol and identified as toluene-p- 
sulphonate (m.p. and mixed m.p. 41°). 

m-Chlorophenylglucuronidamide. m-Chlorophenol (10 g.) 
was fed to nine rabbits and from the 24 hr. urine, 14 g. of 
crude glucuronide gum was obtained as described for the 
o-isomer. After purification m-chlorophenylglucuronide was 
obtained as an ethanol-soluble gum (9-8 g.) which on methy- 
lation gave a gummy methy] ester. (Found: OMe, 10-9%.) 
The ester (7 g.) in methanol was saturated with NH, and 
the amide began to crystallize. After an hour at 0°, the 
crystals (5-3 g.) were filtered off and recrystallized from 
absolute ethanol. 8-m-Chlorophenyl-p-glucuronidamide 
formed colourless needles, m.p. 211°, and showed [«]?° — 84-7 
(c, 0-15 in methanol). (Found: C, 47-6; H, 4-6; N, 4-5; Cl, 
12-0. C,,H,sO,NCl requires C, 47-4; H, 4-7; N, 4-6; Cl, 
11-7%.) On acid hydrolysis, the amide yielded m-chloro- 
phenol which was identified as the toluene-p-sulphonate. 

Triacetyl-B-m-chlorophenyl-p-glucuronidamide prepared as 
for the o-isomer and in similar yield (0-22 g. from 0-2 g.) 
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formed long colourless plates from aqueous ethanol, m.p. 
154°, and [«]3)° — 13-3° (c, 0-3 in ethanol). (Found: CH,CO, 
30-1. CygH)0,NCI requires CH,CO, 30-1 %.) 


Derivatives of p-chlorophenylglucuronide 


After feeding 10-5 g. of p-chlorophenol to six rabbits, the 
acidified 24 hr. urine was extracted with ether. The ether 
extract contained free p-chlorophenol (0-21 % of the dose), 
identified as the toluene-p-sulphonate, m.p. and mixed 
m.p. 70°. 

p-Chlorophenylglucuronidamide. On feeding 10g. of p- 
chlorophenol to six rabbits, there was obtained from the 
urine 8-5 g. of purified p-chlorophenylglucuronide as a gum 
(the crystalline glucuronide is described below). Methylation 
with diazomethane yielded 7-8 g. of gummy methyl ester 
(found: OMe, 11-4%), and 7-5 g. of this ester yielded 6-3 g. 
of crystalline B-p-chlorophenyl-p-glucuronidamide. On re- 
crystallization from methanol and water, the amide formed 
colourless, long, narrow plates, m.p. 245-246° (decomp.), 
[x] 2° — 85-6° (c, 0-14 in methanol). (Found: C, 47-8; H, 4:5; 
N, 4:7. C,,H,,0;NCl requires C, 47-4; H, 4-7; N, 4-6%.) The 
amide was only slightly soluble in cold water, methanol and 
ethanol, but soluble in these solvents on heating. It was 
sparingly soluble in ether. On acid hydrolysis it yielded p- 
chlorophenol which was identified as the toluene-p-sul- 
phonate, m.p. 70°. 

Triacetyl B-p-chlorophenyl-p-glucuronidamide was obtained 
as for the other isomers (100 mg. yielding 98 mg. of acetate). 
It formed colourless plates, sparingly soluble in water, 
m.p. 159°, [«]7°-10-7° (c, 0-28 in ethanol). (Found: 
CH,CO, 29-8. C,,H.0,NCl requires CH;CO, 30-1%.) 


Phenolic metabolites of p-chlorophenol 


Ethereal sulphate fraction. Four rabbits were fed a total of 
6 g. of p-chlorophenol and the urine (500 ml.) collected for 
36 hr. The urine was made 0-5N with respect to HCl by 
addition of conc. HCl and then heated on the boiling-water 
bath for 25 min. to hydrolyse ethereal sulphates. When cold, 
the urine was extracted continuously with peroxide-free 
ether until the extract no longer gave a positive test with 
Gibbs’s 2:6-dichloroquinone chloroimine reagent (9 hr.). On 
cooling, the ether extract deposited white plates which were 
collected and washed with ether. Concentration of the 
filtrate and washings in vacuo yielded more of the plates. 
Eventually 2-51 g. of the plates were obtained and proved 
to be B-p-chlorophenyl-p-glucuronide monohydrate. It was 
recrystallized from water and formed long narrow plates, 
m.p. 151°, [«]1° — 82° (c, 0-5 in water). (Found: C, 44-6; 
H, 4-8; H,O, 5-6. C,.H,,0,Cl, H,O requires C, 44-7; H, 4-7; 
H,O, 5-6%.) The solution of the glucuronide in water was 
strongly acidic. On hydrolysis by boiling for 2 hr. under 
reflux with 4N-HCI, the glucuronide yielded p-chlorophenol 
which was identified as the toluene-p-sulphonate, m.p. and 
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mixed m.p. 70-71°. The ultraviolet absorption spectra of 
the glucuronide were determined in water, 0-1N-HCl and 
0-1N-NaOH and found to be identical (Fig. 3), there being no 
change in the spectrum in alkali as compared with acid. This 
is in contrast with p-chlorophenol (Smith, Spencer & 
Williams, 1950). By means of these spectra the glucuronide 
can readily be distinguished from the free phenol, and the 
latter estimated in the presence of the glucuronide. 
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Fig. 3. Ultraviolet absorption spectrum of p-chlorophenyl- 
glucuronide monohydrate in water (AA, 219-5, 275-5 mp. 
with ¢,,,x, 10,700 and 930). 


Theether mother liquors, after removal of the glucuronide, 
on evaporation gave a dark oil which appeared to contain 
(by colour tests) p-chlorophenol and traces of chlorocatechol. 
The oil was shaken with 25 ml. water and the emulsion 
centrifuged to give an oil and a clear supernatant solution. 
The latter was now treated with an equal volume of 0-2M- 
acetate buffer at pH 6-75 and 10 ml. saturated normal lead 
acetate to precipitate the catechol derivative. The pre- 
cipitate was collected, suspended in water and decomposed 
in the usual manner with H,S. After filtering off PbS, the 
solution was extracted continuously with ether (3 hr.). The 
ether extract yielded a small amount of red oil from which 
4-chlorocatechol was isolated as the di-toluene-p-sulphonate, 
m.p. and mixed m.p. 114-116°, after crystallization from 
ethanol (yield, 21 mg.). The oil remaining after the pre- 
liminary water extraction and centrifugation was dissolved 
in caustic soda and treated with 4 g. toluene-p-sulphonyl 
chloride in acetone. The product was poured into water and 
the precipitate crystallized from ethanol. The crystals 
(1:35 g.) were identified as 4-chlorophenol toluene-p-sul- 
phonate, m.p. and mixed m.p. 70-71°. 


Table 2. Phenols isolated from the ethereal sulphate and glucuronide fraction of p-chlorophenol urine 


Fraction 
Ethereal sulphate 


Glucuronide 


Phenols isolated 


p-Chlorophenol as toluene-p-sulphonate 
4-Chlorocatechol as the di-toluene-p-sulphonate 


p-Chlorophenol as toluene-p-sulphonate 
p-Chlorophenol as glucuronide 


Percentage of dose of 
p-chlorophenol 

10-3) 

0-1) 10-4 

36-6) 

17-5) 


Total 


54:1 


64:5% 
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Table 3. Optical rotations of chlorophenylglucuronidamides 


Compound 


f-o-Chlorophenylglucuronidamide hemihydrate 
B-m-Chlorophenylglucuronidamide 
B-p-Chlorophenylglucuronidamide 
B-p-Chlorophenylglucuronide monohydrate 
Triacetyl B-o-chlorophenylglucuronidamide 
Triacetyl B-m-chlorophenylglucuronidamide 
Triacetyl B-p-chlorophenylglucuronidamide 


* In methanol at 24°. 


Glucuronide fraction. The residual urine after the removal 
of the p-chlorophenylglucuronide and the phenols (see 
preceding paragraph) was now warmed to remove dissolved 
ether and then made 3n with respect to HCl by the cautious 
addition of conc. HCl. The solution was heated under reflux 
for 2-5 hr., cooled and then extracted with ether. The phenolic 
material from this extract on treatment with toluene-p- 
sulphonyl chloride yielded 4-83 g. of crude 4-chlorophenol 
toluene-p-sulphonate, m.p. and mixed m.p. 70-71°, after 
crystallization from ethanol. No other phenol was detected. 

It is thus clear that p-chlorophenol is oxidized in the body 
only to a very minor extent (about 0-1%). The oxidation 
product is 4-chlorocatechol which occurs only in the ethereal 
sulphate fraction (Table 2). 


DISCUSSION 


It is clear from Table 1 that the halogenobenzenes 
undergo three types of conjugation in the rabbit, and 
that mercapturic acids, glucuronides and ethereal 
sulphates are excreted roughly in the ratio 2: 3: 3. 
The oxygen conjugation is far more important quan- 
titatively than the sulphur conjugation, although in 
the past only the latter has been considered in studies 
of the metabolism of the halogenobenzenes. The 
significance of these results and the relation between 
the oxygen and sulphur conjugations are discussed 
in the succeeding paper (Smith et al. 1950). 

The metabolites of p-chlorophenol have been 
studied in detail and it appears that this compound 
is converted almost quantitatively into the corre- 
sponding glucuronide and ethereal sulphate, only 
about 0-1 % being oxidized to 4-chlorocatechol. The 
latter was excreted as an ethereal sulphate, but was 
not found in the glucuronide fraction. It is in- 
teresting to note that the oxidation of p-chlorophenol 
occurs ortho to the hydroxyl group. This result would 
be expected on.the ordinary rules of aromatic sub- 
stitution, i.e. the hydroxyl group is more strongly 
ortho-para directing than the chloro group. It is 
also clear from Table 1 that the chlorophenols do 
not give rise to mercapturic acids, but undergo 
oxygen conjugation only. 


+ In water at 19°. 


Concentration 
(g./100 ml. 


[a]p [M]p/100 solution) 
— 69-5°* -217 0-3 
— 84-7°* — 257 0-15 
— 85-6°* — 260 0-14 
— 82°F — 264 0-5 
—45:3°f —195 0-3 
—13-3°f -— 57 0-3 
—10-7°t — 46 0-3 


{ In ethanol at 21°. 


In this paper the chlorophenylglucuronides are 
described for the first time, and a comment is needed 
on the optical rotations of their triacetyl derivatives. 
In a recent paper Smith (1949) has drawn attention 
to the anomalous rotation of triacetyl f-o-cyano- 
phenylglucuronide methyl ester as compared with 
its m- and p-isomers. The same phenomenon can 
now be seen with triacetyl B-o-chlorophenylglucu- 
ronidamide which has a rotation some three to four 
times those of its m- and p-isomers, although the 
rotations of the unacetylated amides are of the same 
order (Table 3). This phenomenon, which appears to 
be due to restriction of rotation by ortho-substituents, 
will be further discussed with more examples in a 
future publication. 


SUMMARY 


1. A quantitative study has been made in the 
rabbit of the elimination of chloro-, bromo- and iodo- 
benzene as ethereal sulphates, glucuronides and 
mercapturic acids. Three times as much oxidation 
occurs as conjugation with acetyleysteine and the 
ratio ethereal sulphate : glucuronide : mercapturic 
acid is approximately 3: 3: 2. 

2. Asimilar study has been made of the o-, m- and 
p-chlorophenols. These are excreted entirely as 
glucuronides and ethereal sulphates, there being no 
mercapturic acid formation. 

3. p-Chlorophenol is converted almost quanti- 
tatively into the corresponding glucuronide and 
ethereal sulphate, only about 0-1% being oxidized 
to 4-chlorocatechol which appears in the ethereal 
sulphate fraction. 

4. The glucuronides of the o-, m- and p-chloro- 
phenols have been isolated from urine and char- 
acterized as the corresponding glucuronidamides 
and triacetyl glucuronidamides. 


The expenses of this work were in part defrayed by a grant 
from the Medical Research Council. One of us (B.S.) is in- 
debted to the Council for a Studentship. 
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34. THE METABOLISM OF CHLOROBENZENE IN THE RABBIT. 


ISOLATION OF 


DIHYDRODIHYDROXYCHLOROBENZENE, p-CHLOROPHENYLGLUCURONIDE, 
4-CHLOROCATECHOL GLUCURONIDE AND p-CHLOROPHENYL- 
MERCAPTURIC ACID 


By J. N. SMITH, B. SPENCER anp R. T. WILLIAMS 
Department of Biochemistry, St Mary’s Hospital Medical School, London, W. 2 


(Received 24 April 1950) 


Baumann & Herter (1877) observed that when the 
urine of animals dosed with naphthalene was acidi- 
fied and heated, free naphthalene was liberated. 
Later Bourne & Young (1933, 1934) suggested that 
this naphthalene arose from a labile precursor, pos- 
sibly a dihydronaphthol. Eventually reduced de- 
rivatives of polycyclic hydrocarbons were isolated 
from the urie of animals receiving naphthalene 
(Young, 1946, 1947), anthracene (Boyland & Levi, 
1935, 1936) and phenanthrene (Boyland & Wolf, 
1948). These reduced derivatives were shown to be 
trans-1:2-dihydro-1:2-diols in the cases of naphtha- 
lene and anthracene (Booth & Boyland, 1949). In 
the case of phenanthrene, Boyland & Wolf (1948) 
have produced evidence for the formation of two 
diols, and there is information which suggests that 
diols are also metabolites of carcinogenic hydro- 
carbons such as benzpyrene (Weigert, 1945; Boyland 
& Weigert, 1947). 

The evidence just summarized suggests that the 
formation of reduced diols may be a general meta- 
bolic reaction of polycylic hydrocarbons, but as yet 
there is no proof that such a reaction also occurs 
during the metabolism of monocyclic benzene de- 
rivatives. Porteous & Williams (1949) and Garton & 
Williams (1949) expressed the view that a diol may 
be a metabolite of benzene on the grounds that 
benzene gives rise to more catechol than does phenol. 
It has also been suggested by Smith & Williams 


(1949) that aniline forms reduced derivatives in 
vivo. 

In the cases of naphthalene and anthracene the 
corresponding mercapturic acids were isolated as 
well as the diols. It appeared to us, therefore, that 
we would be more likely to achieve success in isolating 
a diol if we selected for study a benzene derivative 
known to give rise to a mercapturic acid. Chloro- 
benzene is such a derivative. The present paper deals, 
in part, with the isolation and characterization of 
a diol formed in the rabbit from chlorobenzene. p- 
Chlorophenylmercapturic acid was also isolated and 
further characterized. 

The quantitative results of the preceding paper 
(Spencer & Williams, 1950) showed that the oxygen 
conjugates of chlorobenzene metabolism were far 
more important quantitatively than the mercapturic 
acid. Although the metabolism of the halogeno- 
benzenes was studied as early as 1879 (Baumann & 
Preusse, 1879, 1881) the nature of these major meta- 
bolites has not, until now, been elucidated. Baumann 
& Preusse, from qualitative evidence not supported 
by actual isolation, suggested that both monohydrie 
and dihydric halogen-substituted phenols were 
formed. We shall show that the major phenolic 
metabolite of chlorobenzene is, contrary to ex- 
pectation, 4-chlorocatechol. The expected p-chloro- 
phenol is quantitatively only a very minor meta- 
bolite. 
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EXPERIMENTAL 


Dihydrodihydroxychlorobenzene 


Isolation of the diol. Chlorobenzene (12 g., b.p. 132°), emul- 
sified with water, was fed by stomach tube to six rabbits. 
The urine (1300 ml.) was collected for 48 hr., adjusted to 
pH 7-5, with a few drops of 2n-NaOH and then continuously 
extracted with ether for two periods of 8 hr. The extracts 
were washed with two 30 ml. portions of N-NaOH to remove 
phenols and then with 30 ml. water and finally dried with 
anhydrous Na,SO,. The ether solution was evaporated at 
room temperature to a syrup which was dissolved in warm 
benzene. Aftertreatment with charcoal, the benzene solution 
was filtered and cooled to 0°. After 24 hr. the needle-shaped 
crystals were filtered and recrystallized from benzene. The 
yield of pure material was 4-5 mg. (i.e. 0-029 % of the dose). 
None was isolated from the urine collected on the third day. 

In other experiments, the yields were 11 mg. (0-03% of 
dose) from 27 g. and 5 mg. (0-007%) from 51 g. of chloro- 
benzene. The 3:4-dihydro-3:4-dihydroxychlorobenzene formed 
colourless needles very soluble in ether and ethanol, and 
moderately soluble in water and warm benzene. The product 
melted at 129-130° (uncorr.) and showed [«]??° — 413° + 10° 
(c, 0-025 in water). (Found: C, 49-1; H, 4:7; Cl, 24-1. 
C,H,0,Cl requires C, 49-1; H, 4-8; Cl, 24.2%.) 

The blue colour of a solution of potassium triacetylosmate 
in glacial acetic acid (Criegee, Marchand & Wannowius, 
1942) was not changed by addition of a glacial acetic acid 
solution of the diol. This result suggests that the diol is the 
trans-isomeride (cf. Booth & Boyland, 1949; Cook, Loudon & 
Williamson, 1950). 


g 


Molecular extinction coefficient (€) 





Oo 


240 260 280 
Wavelength (mz.) 


200 220 300 


Fig. 1. The ultraviolet absorption spectrum of 3:4-dihydro- 
3:4-dihydroxychlorobenzene in water (full line) and its 
dehydration product, p-chlorophenol, in acid (- - - -) and 
in alkali (------ ) (see Table 1 for position of maxima). 


Absorption spectrum of the diol. All absorption spectra in 
this work were measured with a Unicam Quartz Spectro- 
photometer Model S.P. 500. The diol showed a single band 
with max. 264 muy. (€,,,,, 3030) in water (Fig. 1). This sug- 
gested that it was a A'3-cyclohexadiene derivative. A‘?- 
cycloHexadienes have been shown to have an absorption 
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maximum in the region 256-265 my. with an «,,,, range of 
2500-9900 (Booker, Evans & Gillam, 1940). The compound 
was unlikely to be a A'*-cyclohexadiene derivative, since 
A*4-cyclohexadiene shows no absorption bands above 210 mu. 
(cf. Braude, 1945). 

Dehydration of the diol by acid. Since the diol appears to 
be a A¥3-cyclohexadiene derivative, it could be either 2:3- 
dihydro-2:3-dihydroxy- (I) or 3:4-dihydro-3:4-dihydroxy- 
chlorobenzene (II). Badger (1949) has shown that when 
diols of the polycylic hydrocarbons are dehydrated, the 
hydroxyl group remaining on the aromatic hydrocarbon is 
located on the carbon atom most activated in electrophilic 
substitutions. On these grounds the diol I should give rise 
to o-chlorophenol (ITI) and the diol II to p-chlorophenol (IV) 
on dehydration. Furthermore, the dehydration should show 


Cl cl 
HOH —H,0 OH 
HOH 

(1) (III) 

Cl Cl 

—H,0 
—_—_> 
HOH 
HOH OH 
(II) (IV) 


the characteristics of a monomolecular reaction. Thus a 
decision between structures I and II can be obtained by 
identification of the chlorophenol formed by dehydration. 
An indication was first obtained by the use of 2:6-dichloro- 
quinone chloroimine (Gibbs’s reagent). This reagent gives 
a strong blue colour with o- and m-chlorophenols at alkaline 
reaction in 2 min. p-Chlorophenol in equivalent concen- 
trations gives a blue colour of the same intensity with this 
reagent only after an hour. According to Ettinger & Ruch- 
hoft (1948), the colour given by p-chlorophenol with Gibbs’s 
reagent has the same absorption maxima as that given by 
phenol; this suggests the slow removal of the para-chlorine 
atom. Gibbs’s reagent does not as a rule give colorations 
with para-substituted phenols. An alkaline solution of our 
diol did not give a colour with Gibbs’s reagent, even on 
standing for 48 hr. at room temperature. After heating the 
diol solution for 2 min. with 0-1 N-HCl, cooling and neutra- 
lizing, a blue colour developed slowly and was fairly intense 
after 2 hr. This suggested that the diol gives rise to p-chloro- 
phenol on heating with acid. 

Spectroscopic identification of p-chlorophenol. Beforeidenti- 
fication of the chlorophenol produced by dehydration of the 
diol could be undertaken, it was necessary to show that the 
o-, m- and p-chlorophenols could be distinguished spectro- 
scopically. The spectra of these three phenols were therefore 
determined in 0-1 N-HCl and in 0-1N-NaOH. As has already 
been shown by Doub & Vandenbelt (1947), the spectrum of 
the p-chlorophenol anion is different from that of p-chloro- 
phenol, and therefore the determination of the spectra in 
alkali as well as in acid serves as a check. The spectra of the 
chlorophenols are shown in Fig. 2 and the relevant data are 
given in Table 1. 





286 


A solution of the diol in 0-1 N-HCl was heated on the water 
bath and after the reaction was complete, determination of 
the absorption spectrum showed that the band at 264 mu. 
had been replaced by two bands corresponding exactly to 
those of p-chlorophenol in acid. The solution was now made 
alkaline (0-1N with respect to NaOH) and the spectrum 
redetermined. The spectrum now corresponded to that of 
the p-chlorophenol anion (Fig. 1 and Table 1). It was thus 
clear that the diol was a 3:4- and not a 2:3-diol. 


12,000 





g 8 


Molecular extinction coefficient (€) 


280 
Wavelength (mjz.) 


240 260 


Fig. 2. The ultraviolet absorption spectra of the o-, m- and 
p-chlorophenols; full lines in 0-1N-HCl; broken lines in 
0-1n-NaOH (see Table 1 for position of maxima). 


Table 1. Absorption spectra of chlorophenols and their 
anions compared with the chlorophenol from the diol 











In 0-1 N-HCl In 0-1n-NaOH 
oF 3 + as 

Chlor« »phenc | Annc: €max. Anax. €max. 
Ortho <210 > 6,610 236-5 8,300 
2745 1,980 294 3,780 
Meta 212 6,250 238-5 9,700 
274-5 1,720 292 3,460 
Para* 222 8,900 244 11,700 
280 1,600 298 2,600 
Compound 222 8,900 245 11,600 
from diol 280 1,575 298 2,600 


* In ethanol; AA,,ax, 225, 284 my; €,,,. 8930, 1775. 


Rate of dehydration of the diol. As already pointed out, the 
dehydration process should be a monomolecular reaction. 
The constants of the dehydration reaction were conveniently 
calculated from spectroscopic data, that is from the change 
in the spectrum during conversion of the diol to p-chloro- 
phenol. In acid solution p-chlorophenol shows a maximum 
absorption at 222 mu., whereas the diol, at this wavelength, 
shows almost minimum absorption (the minimum is actually 
at 228-5 mu.). The value of E (log J,/J) at 222 mp. at any 
moment during the dehydration is due to the absorption of 
the remaining diol and that of the p-chlorophenol formed, 
and E, can be expressed by the equation 

128-5y ep 
E,=(2-y) ep+ ae 
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where x=original amount of diol in g.mol./l.; y=amount 
of diol in g.mol./l. dehydrated in time ¢t; Z,=extinction at 
time ¢; €,=1145=molecular extinction of the diol at 
222 mu.; ep =8900 = molecular extinction of p-chlorophenol 
at 222 mu.; and 128-5 and 146-5 are the molecular weights 
of p-chlorophenol and the diol, respectively. EH, can be 
measured on the spectrophotometer, z is known and hence y 
can be calculated from the above equation. Percentage 
dehydration can be calculated from x and y. 


Dehydration (%) 









80 
Time (hr.) 
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40 


20 30 
Time (min.) 
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Fig. 3. Rate of dehydration of the dihydrodihydroxychloro- 
benzene by n- and 0-1N-HCl at 98°; inset, at room tem- 
perature by n-HCl. 

Table 2. Velocity constant for the dehydration of 
dihydrodihydroxychlorobenzene 


(The velocity constant k& is calculated from the equation 
k=2-3 log {a/(a-2x)}/t, where a=100%, and x=% de- 
hydration.) 


Time ¢ Percentage Velocity constant 
(min.) dehydration (x) (k) 
5 39-5 0-0100 
10 64-7 0-0104 
15 79-6 0-0106 
25 94-4 0-0092 


Table 3. Dehydration of dihydrodihydroxy- 
chlorobenzene by hydrochloric acid 


Time of dehydration, ¢ 





Conen. of 


—_——a ae 
Temp. acid 50% 100% 
(°) (N) dehydration dehydration 
98 1 1-2 min. 10 min. 
98 0-1 6-7 min. 35 min. 
19 1 48 hr. 120 hr. 


Rates of dehydration were measured at 98° in 0-1N- and 
n-HCland at room temperature in N-HClas follows. Portions 
of diol solution (0-5 ml. containing 0-248 mg./ml.) were 
pipetted into five small tubes equipped with reflux con- 
densers and placed quickly in a boiling-water bath. To each 
tube was added 2 ml. of 1-25n-HCl already at the tem- 
perature of the water bath, the effective normality of the 
HCl thus being 1. After a given time a tube was cooled to 0° 
by plunging into an ice bath. The contents were now poured 
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‘ into a 10 ml. flask, the tube and condenser being washed 
with N-HCl and the washings added to the flask. After 
making up to 10 ml. with N-HCl, E,, at 222 mp. and at 
about five other wavelengths from 220 to 225 mu., was 
measured in the spectrophotometer against a blank of N-HCl. 
The experiment was repeated with 0-1N-HCl. At room tem- 
perature the solution was simply read periodically in the 
spectrophotometer. The curves obtained are given in Fig. 3. 
In Table 2 the velocity constants for the dehydration of the 
diol by 0-1N-HCl at 98° have been calculated using the 
equation for a monomolecular reaction. With N-HCl at 98°, 
the change was too rapid for accurate determination of the 
velocity constant. The rate of dehydration at room tem- 
perature in N-HCl also fitted the equation for a mono- 
molecular reaction. The times taken for complete de- 
hydration are given in Table 3. The compound appears to 
be stable in water at room temperature. 

Oxidation of the diol with periodic acid. Further evidence 
that the diol was the «-glycol of A‘**-cyclohexadiene was 
obtained by a spectroscopic study of the action of periodic 
acid. This acid oxidizes specifically 1:2-glycols to dialde- 
hydes stoicheiometrically (cf. Jackson, 1944), and it is to 
be expected that the chlorobenzene-diol would be converted 
by periodic acid to a cis-cis-chloromuconic dialdehyde thus: 


cl 
cl ql 
He cH 
HOH me CHO 
HOH CHO 


Muconic acid with its four conjugated chromophores 
(O—=C—C—C—C—C—C—O) has an intense absorption 
band at about 260 my. with molecular extinction coefficients 
of 20,000-27,000 (Porteous & Williams, 1949; see also 
Braude, 1945), and it is to be expected that the dialdehyde 
with the same chromophoric system would have a similar 
absorption. Recently, Karrer, Eugster & Perl (1949) have 
prepared muconic dialdehyde (m.p. 117°) and showed it to 
have an absorption maximum at 269 my. (from their 
published graph, ¢,,,,. is about 28,000). This is presumably 
the trans-trans isomer. 

Anethanolic solution of the diol (0-5 ml. containing 0-15 mg. 
diol) was treated with 0-5 ml. HIO, solution (14-8 mg. KIO, 
in 3 ml. 2N-H,SO, made up to 25 ml. with distilled water), 
which contained 1-5 equivalents of HIO,, and made up to 
10 ml. The spectrum of the solution was observed at intervals 
until no further change occurred, i.e. for 1 hr. The control 
cell in the spectrophotometer contained a similar solution 
with 0-5 equivalent of HIO, but no diol. In high concen- 
trations HIO, shows appreciable absorption below 250 my., 
but in the concentrations used in this experiment its absorp- 
tion was almost negligible. Iodic acid which is formed during 
the reaction was shown, in a separate experiment, to be 
transparent at the wavelengths relevant to the present 
experiment. The initial and final absorption curves are given 
in Fig. 4; the intermediate curves bore no relation to either 
and thus the rate of reaction could not be followed spectro- 
scopically. The extinctions for the final curve were calculated 
on the assumption that the product of the reaction was 
8-chloromuconic dialdehyde. One band was observed in the 
region 200-350 with a peak at 281 mu. and e,,,, 21,400. This 
result strongly supports the view that a muconic aldehyde 
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type of structure is produced. The peak due to the diol at 
264 my. had completely disappeared. 


20,000 


15,000 


10,000 


Molecular extinction coefficient (€ ) 
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240 


Fig. 4. Ultraviolet absorption spectrum of the periodic acid 
oxidation product (full line; Ayay. 281, €max, 21,400) of di- 
hydrodihydroxychlorobenzene (broken line). Molecular 
extinction coefficient calculated on the assumption that 
the oxidation product is chloromuconic dialdehyde. 
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Fig. 5. 
mercapturic acid in ethanol (Ajax. 
11,200; ~ 217 mu., e, 7600). 


Isolation of p-chlorophenylmercapturic acid 


During the continuous ether extraction of acidified 
chlorobenzene urine p-chlorophenylmercapturic acid passed 
into the ether phase. On evaporation of the ether, the mer- 
capturic acid crystallized out from the oily residue. The oil 
was washed away with ether and the acid crystallized 
repeatedly from hot water. It formed colourless needles, 
m.p. 153°, [«]?° — 20° (c, 0-27 inethanol). (Found: equivalent 
by titration, 274. Cale. for C,,H,,.O,NCIS, equivalent 273-7.) 
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The specific rotation of this compound has not been pre- 
viously recorded, but Jaffé (1879) records m.p. 153-154°. 
The absorption spectrum of the mercapturic acid in ethanol 
was determined (Fig. 5). It differed from the spectra of the 
other p-chloro-substituted derivatives studied in this paper 
in that it showed a large band at 262-5 mu. (€,,,, 11,200), 
whereas the other compounds (Figs. 2 and 7) showed a low 
band at about 280 mu. (€,,,, about 2000). Chlorobenzene 
itself has an absorption band at 263-5 my., but with a very 
low extinction (e,,,,. 190) (Doub & Vandenbelt, 1947). 


Phenols of chlorobenzene urine 


Preparation of reference compounds. 4-Chlorocatechol, 4- 
chlororesorcinol or chloroquinol (1 g.) in 20 ml. 2-5n-NaOH 
was shaken for 30min. with 3-8 g. toluene-p-sulphonyl 
chloride in 30 ml. acetone. After 2 hr. the mixture was 
poured into water and the crystalline precipitate (yield, 
95% theory) collected. 4-Chlorocatechol di-toluene-p-sul- 
phonate formed colourless prismatic crystals from ethanol, 
m.p. 117°. (Found: C, 53-3; H, 3-8; C,)H,,0,S,Cl requires 
C, 53-0; H, 3-8%.) 4-Chlororesorcinol di-toluene-p-sulphonate 
formed colourless plates from ethanol, m.p. 66-66-5°. (Found: 
C, 53-5; H, 4.0%.) Chloroquinol di-toluene-p-sulphonate was 
sparingly soluble in hot ethanol, acetone, ether, light petro- 
leum and water and formed flat diamond-shaped crystals 
from dioxan, m.p. 186°. (Found: C, 52-4; H, 3-8%.) 

Other reference compounds are described in the preceding 
paper (Spencer & Williams, 1950). 

Isolation of 4-chlorocatechol and p-chlorophenol. Chloro- 
benzene (10 g.) was fed to six rabbits and urine (950 ml.) 
collected for 2 days. The pH of the urine was adjusted to 5 
with a few drops N-HCl and the solution continuously ex- 
tracted with ether (8 hr.) until the extracts no longer gave a 
colour with Gibbs’s reagent (2:6-dichloroquinone chloro- 
imine). After drying over anhydrous Na,SO,, the ether was 
evaporated in vacuo to a reddish brown oil which gave a green 
catechol colour with FeCl,, a blue colour with the Gibbs’s 
reagent and a negative naphthoresorcinol test. The oil was 
now extracted with 30 ml. hot water. Most of the oil dis- 
solved, but a small oily residue (A) remained. The aqueous 
solution was filtered and cooled. The crystals which separated 
were identified as p-chlorophenylmercapturic acid (m.p. 
151°). The filtrate from these was extracted with ether until 
the FeCl, test on the aqueous layer was negative (3 hr.). 
Evaporation of the ether extract gave an oil which was dis- 
solved in 4 ml. 2-5n-NaOH and then treated with 0-7 g. 
toluene-p-sulphony] chloride in 6 ml. acetone. After keeping 
overnight, the mixture was poured into 100 ml. water. The 
crystalline precipitate on recrystallization from ethanol gave 
106 mg. of 4-chlorocatechol di-toluene-p-sulphonate, m.p. 
and mixed m.p. 116°. 

The small residue (A) was dissolved in 2 ml. 2-5n-NaOH 
and treated with 0-4 g. p-toluenesulphony] chloride in 3 ml. 
acetone, and as above, there was obtained 9 mg. of 4-chloro- 
phenyl-toluene-p-sulphonate, m.p. 70°, mixed m.p. 70-71° 
with authentic 4-chlorophenyl toluene-p-sulphonate (m.p. 
71°). No other phenols were detected. 

Ether extraction of mildly hydrolysed chlorobenzene urine. 
Isolation of 4-chlorocatechol glucuronide. The urine, after 
extraction of the free phenols, was warmed on the water bath 
to expel ether and then made 0-5N with respect to HCl by the 
addition of conc. HCl. It was then heated for 20 min. on the 
boiling-water bath. After cooling it was continuously ex- 
tracted with ether for 12 hr., i.e. until the FeCl, test was 
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negative. Evaporation of the ether left a reddish brown 
syrup, which gave a strong green FeCl, test, a blue colour 
with Gibbs’s reagent and a strongly positive naphthoresor- 
cinol test. The syrup was now extracted on the water bath 
with 75 ml. water. The aqueous extract was centrifuged from 
the undissolved oil (B) and allowed to cool to 0°, whereby 
crystals of p-chlorophenylmercapturic acid separated. The 
aqueous extract also contained 4-chlorocatechol, p-chloro- 
phenol and a glucuronide. The phenols were removed by 
continuous extraction for 4 hr. with CHCl,, and on evapora- 
tion of the CHCl, extract a reddish-brown oil was obtained. 
This oil partly dissolved in water (25 ml.) leaving a small oily 
residue (C), and the aqueous solution, which now contained 
4-chlorocatechol and small amounts of p-chlorophenol, was 
brought to pH 6-7 with 0-2Mm-acetate buffer. 4-Chlorocate- 
chol was separated as the Pb salt from this solution by pre- 
cipitation with an equal volume of saturated basic lead 
acetate. The precipitate was collected, Pb removed with 
H,S and the chlorocatechol extracted with ether. The 4- 
chlorocatechol was eventually isolated as the di-p-toluene- 
sulphonate (yield, 4-37 g.; m.p. and mixed m.p. 116°). The 
filtrate from the lead acetate precipitation, was freed of Pb 
by H,S and extracted with ether. The ether on evaporation 
gave a small oily residue (D). 

The aqueous extract after removal of the 4-chlorocatechol 
was evaporated to dryness to give a yellowish acidic glucu- 
ronide gum. This was dissolved in 25 ml. ethanol and methy- 
lated twice with ethereal diazomethane. Removal of the 
ether gave the methylated product as a thick straw-coloured 
neutral syrup which gave no colour with FeCl, or Gibbs’s 
reagent but a strong naphthoresorcinol reaction. (Found: 
OMe, 21-6%.) The gum was dissolved in 15 ml. methanol, 
saturated with dry NH, at 0°, and, after standing for 3 hr. 
at 0°, the solution was filtered and evaporated to dryness in 
vacuo. The solid residue was crystallized from hot water and 
2-85 g. of needles, m.p. 218°, []?1° — 113° (c, 0-2 in acetone), 
were obtained. (Found: OMe, 8-0. Cale. for C,;H,,0,NCI, 
2H,0; OMe, 7-8%.) It was identified as 4-chloro-2-meth- 
oxyphenyl-f-p-glucuronidamide dihydrate by comparison 
(mixed m.p. 218°) with a specimen of this compound pre- 
pared by Dodgson & Williams (1949). 

The small oily residues B, C and D (see above) were dis- 
solved in 5 ml. 2-5n-NaOH and treated with 1 g. of toluene- 
p-sulphony] chloride in 8 ml. acetone. On pouring the pro- 
duct into water, a crystalline precipitate was obtained. This 
was recrystallized from ethanol and then fractionally crystal- 
lized. All fractions, however, were 4-chlorophenyl toluene- 
p-sulphonate, m.p. and mixed m.p. 71° (yield 53 mg.) de- 
pressed on admixture with 2-chlorophenyl toluene-p-sul- 
phonate. 

Ether extraction of strongly acid hydrolysed chlorobenzene 
urine. The extracted mildly hydrolysed urine, after warming 
to remove ether, was now made 3Nn with respect to HCl and 
boiled under reflux for 2-5 hr. After cooling it was ex- 
haustively extracted with ether. Evaporation of the ether 
gave a dark-red oil which deposited crystals of p-chloro- 
phenylmercapturic acid on standing 2 days. The oil was 
separated from the crystals by trituration with ether and 
4-chlorocatechol, and p-chlorophenol were separated by lead 
acetate precipitation and converted into toluene-p-sul- 
phonates. The yields were 250mg. of 4-chlorocatechol 
toluene-p-sulphonate and 61 mg. of 4-chloropheny] toluene- 
p-sulphonate which were identified by mixed melting points. 

The yields of the two phenols obtained during each of the 
three ether extractions are given in Table 4. 
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Table 4. Amounts of 4-chlorocatechol and p- 
chlorophenol isolated as toluene-p-sulphonates 
from chlorobenzene urine 


Percentage of dose isolated 





ame, \ 
After acid hydrolysis with 
In free —_——_———_7 
Phenol state 0-5nN-HCI* 3n-HCIt 
4-Chlorocatechol(A) 0-26 10-8 10-5 
p-Chlorophenol (B) 0-04 0-21 0-24 
Ratio A/B 6-5 51 44 


* Ethereal sulphate fraction. f Glucuronide fraction. 


The glucuronides of chlorobenzene urine 


Chlorobenzene (12 g.) was fed to six rabbits, and over the 
following 2 days 1350 ml. of urine was collected. The basic 
lead acetate precipitate was prepared and Pb removed with 


‘Observed extinction (Es cm.) 





240 260 280 


Wavelength (mpz.) 


200 220 


Fig. 6. Ultraviolet absorption spectrum in water of the 
glucuronide gum from chlorobenzene urine (full line; 
\max, 277 my, Ey om, 0-17; inflexion at 215 my., Ey om, 0-54) 
and that of the gum after hydrolysis on the water bath 
with 0-5N-HCl (broken line; A,,,, 280 my., Ly om, 0-165; 
~ 216 mp., Ey om, 0-53). The values of E,..,, are relative 
and not absolute; ¢c unknown. 


H,S in the usual manner. Evaporation of the Pb-free filtrate 
in vacuo at 35° yielded 11-3 g. of a dark glucuronide gum. 
The gum was dissolved in 75 ml. ethanol and left at 0° over- 
night, whereby a sludge of inorganic matter separated. This 
operation was twice repeated and eventually 8-1g. of 
purified glucuronide gum was obtained (ash, 0-9%; ethereal 
sulphate, 0-88%). This gum gave no colour with FeCl,, but 
on acid hydrolysis gave a strong green colour. With Gibbs’s 
treagent a strong blue colour was obtained indicating the 
presence of a free phenolic group. The product showed 
[a]3°-43° (c, 0-6 in water) and after mild hydrolysis 
[a]3° - 39°. Its ultraviolet absorption spectrum indicated 
that it was an aromatic glucuronide (Fig. 6), there being a 
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band at 277 my. and an inflexion at 215 my. The spectrum 
was hardly changed by mild acid hydrolysis and appeared 
to be almost identicalin shape with those of 4-chlorocatechol 
and 4-chloro-2-methoxyphenylglucuronidamide, but not 
with that of p-chlorophenylglucuronide (Fig. 7). 

Isolation of 4-chlorocatechol glucuronide. 4-Chlorocatechol 
glucuronide can be extracted from the glucuronide gum by 
ether extraction at strongly acid reaction. At first it was 
thought that this compound was an artifact, but the 
absorption spectrum of the gum ruled this out and showed 
that 4-chlorocatechol glucuronide did occur as such in the 
gum. 

The gum (6-4 g.) was dissolved in 200 ml. water and the 
solution made 0-5N with respect to HCl. It was then con- 
tinuously extracted with ether (18 hr.). On evaporation of 
the ether, a gum was obtained which was methylated in 
methanol with ethereal diazomethane. Evaporation of the 
ether gave a neutral gum which is, presumably, 4-chloro-2- 
methoxyphenylglucuronide methyl ester. (Found: OMe, 
19-4; C,,H,,0,Cl requires OMe, 17-8% .) The ester was con- 
verted to the amide with methanolic NH, and 3-06 g. of 
4-chloro-2-methoxyphenyl-8-p-glucuronidamide dihydrate 


Molecular extinction coefficient (€) 





300 =. 320 


240 
Wavelength (myz.) 


200 = =220 260 280 


Fig. 7. Ultraviolet absorption spectrum of 4-chlorocatechol 
(full line; A,,,., 282-5 mp., €nax, 2880; ~ 215 my., €, 5970), 
4-chlorocatechol glucuronidamide dihydrate (broken line; 


Mymax, 280, 224-5 my. with €,,,,, 2480, 9250) and p-chloro- 
phenylglucuronide monohydrate (—----- 3 Amex, 219-5, 


275-5 mu. with ¢,,,, 10,700 and 930). Solvent, water. 
was isolated, m.p. and mixed m.p. 218°, [a]??” — 113-2° (c, 0-2 
in acetone). (Found: OMe, 7-6. Cale. for C,,;H,,0,NC1l. 
2H,0; OMe, 7:3%.) Dodgson & Williams (1949) have 
quoted [«]?° -96° for this glucuronide when dissolved in 
50% (v/v) acetone-water. Further investigation has shown 
that the rotation of this glucuronidamide varies with the 
proportion of acetone and water. A redetermination of the 
rotation of Dodgson & Williams’s sample in pure acetone 
gave [«]??° — 113-5° (c, 0-2 in acetone). It has also been found 
that the glucuronidamide is much more soluble in acetone- 
water mixtures than in either of the pure solvents. In water 
its solubility was <56mg./100ml., in acetone at 22° 
225 mg./100 ml., and in 50% acetone-water >620 mg./ 
100 ml. 

19 
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Isolation of p-chlorophenylglucuronide. The aqueous solu- 
tion remaining after extraction of 4-chlorocatechol glucu- 
ronide (see preceding paragraph) was neutralized with 10% 
(w/v) NaOH and evaporated to dryness in vacuo at 35°. The 
residue was extracted with absolute ethanol and impurities 
removed by allowing the ethanolic solution to stand before 
filtering. 

Evaporation of the ethanol gave a yellowish gum which 
was methylated in methanol with ethereal diazomethane. 
After filtering the methylated solution, it was evaporated 
giving a pale-yellow gum which is presumably p-chloro- 
phenylglucuronide methyl ester. (Found: OMe, 11-6. Calc. 
for C,;H,;0,Cl; OMe, 10-2%.) The gum was treated with 
methanolic NH, at 0°, yielding eventually 109 mg. of p- 
chlorophenylglucuronidamide, m.p. 244-246° (mixed m.p. 
244-246°), [a]??° — 84-9° (c, 0-12 in methanol). The authentic 
glucuronidamide has m.p. 245-246° and [a]? -—85-6° (in 
methanol) (Spencer & Williams, 1950). It was further 
identified by conversion to the triacetyl amide. (Found: 
COCH,, 29-6. Calc. for C,,H.>0,NC1; COCH;,30-1%), which 
had m.p. and mixed m.p. 157-159°, [«]??’-— 10° (c, 0-1 in 
ethanol). The authentic triacetyl p-chlorophenylglucuronid- 
amide has m.p. 159° and [«]?!°-10-7° (c, 0-3 in ethanol) 
(Spencer & Williams, 1950). 


DISCUSSION 


The present work shows that the major metabolites 
of chlorobenzene in the rabbit are the monoglucu- 
ronide and ethereal sulphate of 4-chlorocatechol, and 
p-chlorophenylmercapturic acid. The figures given 
in Table 1 of the preceding paper (Spencer & 
Williams, 1950) suggest that they are excreted in 
roughly equal amounts, i.e. 25 : 27 : 20, respectively. 
The minor metabolites are p-chlorophenol and 3:4- 
dihydro-3:4-dihydroxychlorobenzene, as indicated 
below: 


Cl Cl Cl 
sodas ag 
HOH 
HOH OH 
a 


Minor metabolites 


The most striking facts which have emerged from 
this work are that chlorobenzene, like polycyclic 
hydrocarbons, is ‘perhydroxylated’, that p-chloro- 
phenol is, quantitatively, only a very minor meta- 
bolite, that most of the chlorobenzene oxidized 
appears as 4-chlorocatechol and that oxidation is 
more extensive than cysteine conjugation. 
Dihydrodihydroxychlorobenzene. The isolation of 
this diol gives us the first recorded instance of partial 
saturation of monocyclic benzene derivatives in vivo. 
The experimental evidence shows that it is a 3:4-diol. 
Theoretically, the 3:4-diol can occur in six forms 
which include two pairs of enantiomorphs (V and 
VI, Viland VIII) and two racemates. The potassium 
triacetylosmate test suggests that it is a trans-diol 
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(VII or VIII). The metabolic diols of naphthalene 
and anthracene have already been shown to be 
trans-diols (Booth & Boyland, 1949; Cook et al. 1950). | 


Cl Cl 
¢) 
HO OH HO OH 
(V) (VI) 

Cl cl 

e) 4 
H OH HO H 

} 

(VII) (VII) | 


The high rotation ([«]??— 413°) of our diol suggests 
optical purity, but as the amount of material avail- 
able was small we were unable to prove this. The 
amount of diol isolated from the urine was very small 
(maximum yield 0-03 % of dose), and we believe thet 
the urine did not contain much more because the 
amount of p-chlorophenol isolated was also very 
small. The total amount of p-chlorophenol isolated, | 
which includes that in the free state, that formed 
after acid hydrolysis and that isolated as the glucu- 
ronidamide amounted to 0-5% of the dose. This | 
p-chlorophenol could arise by acid dehydration of 
the diol by acid hydrolysis of the glucuronide and 
ethereal sulphate of p-chlorophenol. p-Chlorophenyl- 
glucuronide could arise from a monoglucuronide of 


cl ql 
+ + 
OH 
OH SCH,CH(NHAc)COOH 
Ng ee } 


Major metabolites 


the diol. Since the amount of p-chlorophenol isolated 
was small then it follows that the amounts of its 
precursors including the diol must be small. 
4-Chlorocatechol. The occurrence of 4-chloro- 
catechol as the major metabolite of chlorobenzene | 
may be of considerable theoretical importance meta- 
bolically, for it recalls to mind such problems as the 
biological conversion of phenylalanine to catechol 
derivatives such as adrenaline and noradrenaline. 
The glucuronide isolated proved to be 4-chloro-2- 
hydroxyphenylglucuronide identical with that form- 
ed on feeding 4-chlorocatechol (Dodgson & Williams, 
1949). This compound could arise by (a) oxidation 
of p-chlorophenylglucuronide, (b) dehydrogenation 
of the 4-glucuronide of chlorobenzene-3:4-diol, or 
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lene} (c) conjugation of metabolically formed 4-chloro- 
| be | catechol as indicated in the formulae. 
50). 
cl 
CO Or. 
OC,H,0, ~ ation 
(a) 
Cl cl 
Dehydrogenation 


OH 
0C,H,0, 





sts 
ail- . 
The We feel, however, that the first mechanism (a) is 


iall unlikely, because Garton & Williams (1949) have 
het | Shown that injected phenylglucuronide is not oxi- 
the | dized to catechol. No decision regarding (b) and (c) 
ery is as yet possible and both mechanisms may be 
ed, involved. 

Now 4-chlorocatechol could arise by further oxida- 
cue tion of p-chlorophenol, by dehydrogenation of 3:4- 
his | dihydro-3:4-dihydroxychlorobenzene or possibly by 
of | dehydration of a tetrol, as indicated in the following 
nd formulae : 


1ed 


yl- 
of | cl cl cl 
+O —2H 
—> <— 
OH HOH 
OH OH HOH 
[-sn0 
' 
Cl 
HOH 
ed 
ts HOH HOH 
HOH 


ne | On feeding p-chlorophenol to rabbits, it was found 


a- that very little was converted to chlorocatechol 
he (Spencer & Williams, 1950), and we feel that chloro- 
ol catechol is more likely to be the product of the in vivo 
e. dehydrogenation of a diol. In this connexion 


2- Porteous & Williams (1949) (see also Garton & 
1 Williams, 1949) have already suggested that the 
8, catechol formed during the metabolism of benzene 
| could arise in other ways than from phenol. In fact, 
n a diol could be the precursor of a monophenol by 
Tr dehydration and of a catechol by dehydrogenation. 
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The conversion of a diol to a monophenol is a known 
chemical reaction. At the moment we know nothing 
concerning the metabolism of diols and their con- 
version to catechols. 

p-Chlorophenylmercapturic acid. The next point 
which deserves discussion is the position of p-chloro- 
phenylmercapturic acid in the metabolism of chloro- 
benzene and its relation to the oxidation products. 
In the past, suggestions have been made that the 
oxygen- and sulphur-conjugates may be related to 
each other in that one form of conjugation might be 
the precursor of the others. From this point of view 
three possible paths of metabolism for the halogeno- 
benzenes can be postulated thus: 


(a) halogenobenzene — hydroxylated compounds — mer- 
capturic acids; 
(b) halogenobenzene — mercapturic acid —> hydroxylated 


compounds; ee? 
Z mercapturic acid 


(c) halogenobenzene 
. hydroxylated compounds. 


The first path is based on the views of Sherwin 
(1922) (see also Rhode, 1923), who suggested that 
halogenophenols were intermediates in the con- 
version of halogenobenzenes to mercapturic acids. 
Our experiments with o-, m- and p-chlorophenols 
(Spencer & Williams, 1950) and those of Coombs & 
Hele (1926, 1927) on the fate of chloro- and iodo- 
phenols in the dog and pig suggest that, if the hydro- 
xylated compounds are phenols, then this path is 
unlikely, i.e. phenols are not precursors of mer- 
capturic acids. The hydroxylated compounds, how- 
ever, could be diols of reduced halogenobenzenes, but 
as we have no information concerning the metabolic 
fate of diols, the possibility that diols may be pre- 
cursors of sulphur-conjugates, although unlikely, 
cannot be ruled out. 

The second path (6), in which mercapturic acids 
are possible precursors of phenols, was implied in the 
remarks of Hopkins (1907), who suggested that 
ethereal sulphates might arise by the oxidation of 
more complex compounds such as mercapturic acids. 
On this point Quick (1937) has stated that: ‘The 
union of cysteine with the hydrocarbon might be 
the first and only step available to the organism for 
attacking the unsubstituted aromatic ring and that 
as a further reaction the mercapturic acid is replaced 
by a hydroxyl group.’ 

The literature on the fate of mercapturic acids in 
the body is somewhat confused. The early experi- 
ments of Baumann & Preusse (1881) and Marriot & 
Wolf (1907) seem to indicate that little p-bromo- 
phenylmercapturic acid fed by mouth to dogs 
appeared in the urine. The work of Rose, Shiple & 
Sherwin (1924) suggests that mercapturic acids are 
oxidized to ethereal sulphates in the rabbit (see also 
Sherwin, Shiple & Rose, 1927; Shiple, Muldoon & 
Sherwin, 1924). However, Coombs & Hele (1927) 
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and Lawrie (1931) from their experiments on p- 
chloro-, p-bromo- and p-iodo-phenylmercapturic 
acids, concluded that mercapturic acids are not 
oxidized in vivo. It seems likely, however, that mer- 
capturic acids are end products derived from the 
unacetylated S-aryleysteines and it may be better to 
write the suggested path (6) as 


Halogenobenzene — S-halogenophenylcysteine 


A number of S-phenyleysteine derivatives have been 
administered to animals, but in most cases less than 
50% of the material administered has been accounted 
for (Stekol, 1938, 1939, 1941, 1946; Zbarsky & 
Young, 1943, 1934; Hele & Pirie, 1931; Witter, 1945) 
and no investigation as to whether these compounds 
give rise to phenols has been carried out. It is clear 
that new quantitative data on the metabolic fate of 
aryleysteine derivatives are needed, especially in 
view of the findings of Binkley, Anslow & du 
Vigneaud (1942), Binkley (1944) and Anslow & du 
Vigneaud (1947) that the carbon to sulphur link 
can be split biologically, the process involving phos- 
phate bond transfer. 
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compounds is combination with SH-containing cell 
constituents. Furthermore, Calcutt (1949) (see also 
Powell & Calcutt, 1949) has obtained evidence that 
3:4-benzpyrene under certain in vitro conditions 
reacts with certain SH-containing compounds to give 
products which are similar in physical properties and 
fluorescence spectra to the hydroxylated benzpyrene 


J mercapturic acid 
™ hyroxylated compounds 


metabolites described by Weigert & Mottram (1946). 
It is thus possible to postulate on these grounds a 
scheme showing how both the sulphur- and oxygen- 
conjugates of chlorobenzene could arise from a 
common precursor. 

Chlorobenzene could react with a protein (P) 
containing two sulphydryl groups—P(SH),—or 
a protein containing disulphide groups—PS,—to 
form a product which might then give rise to a 
mercapturic acid or, by hydrolysis, to a diol. 
The latter could then give rise to monohydric and 
dihydric phenols as visualized in the following 
scheme. The ideas arising from this scheme are now 
being pursued. 


a +P(SH),, —2H a am “Sp 
or +PS, -----§ SCH,CH(NH,)COOH 
|sespati 
+2H,0 
—P(SH), Cl 
SCH,CH(NHAc)COOH 
cl —H,0 cl HOH —2H cl OH 
——_—> 
OH HOH OH 
In the third path (c) the sulphur- and oxygen-con- 
jugations are visualized as separate processes SUMMARY 


(Baumann, 1883). It is, however, possible that both 
types of conjugation arise from a common precursor 
which is not the halogenophenyleysteine mentioned 
above. There is now much evidence available in the 
literature which suggests that many types of organic 
compounds combine with sulphydryl (SH) groups in 
the body (see Boursnell, 1948; Needham, 1948; 
Thompson, 1948; Dixon, 1948). These SH groups 
may occur in enzymes, proteins and such substances 
as glutathione. The work of Crabtree (1944, 1945, 
1946) on the action of hydrocarbons and bromo- 
benzene on the glutathione content of mouse skin 
suggests that the first reaction undergone by these 


1. The fate of chlorobenzene in the rabbit has been 
studied in detail and several metabolites isolated 
and identified. 

2. Chlorobenzene has been shown to undergo 
‘perhydroxylation’ in vivo, by isolation of crystalline 
3:4-dihydro-3:4-dihydroxychlorobenzene (yield, 
0-03 %), the structure of which was proved spectro- 
photometrically by conversion to p-chlorophenol. 

3. The rate of dehydration of the diol by 
acid has been studiéd spectrophotometrically 
and the process shown to be a monomolecular 
reaction. 
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4. p-Chlorophenylmercapturie acid has been 
isolated, and its optical rotation and absorption 
spectrum recorded. 

5. The main metabolite of chlorobenzene is shown 
to be 4-chlorocatechol which was isolated from the 
ethereal sulphate fraction and as its glucuronide, 
4-chloro-2-hydroxyphenylglucuronide. 

6. p-Chlorophenol and its glucuronide were also 
isolated, but were shown to be a very minor meta- 
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bolites of chlorobenzene amounting to about 0-5% 
of the dose. 

7. The above findings have been discussed and a 
hypothesis presented relating mercapturic acid 
formation with oxidation during chlorobenzene 
metabolism. 

The expenses of this work were in part defrayed by a grant 
from the Medical Research Council. One of us (B.S.) is in- 
debted to the Council for a Studentship. 
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Studies of the amidase activity of extracts of various 
animal tissues have been reported in earlier papers 
(Bray, James, Ryman & Thorpe, 1948; Bray, James, 
Raffan, Ryman & Thorpe, 1949a; Bray, Thorpe & 
Wood, 1949c; Bray, James, Thorpe, Wasdell & 
Wood, 19496). The present paper records further 
observations, including the behaviour of the enzyme 
towards some saturated long-chain and w-pheny]l- 
substituted aliphatic amides and the effect of increase 
in chain length on the degree of hydrolysis. The 
action of the enzyme upon amides previously ex- 
amined has been reinvestigated in the absence of 
chloroform, which was used as a preservative in 
earlier experiments, since it was found that this 
substance had some retarding effect on amidase 
activity (Bray et al. 1949b). Some other amides 
have also been examined. 

The amides studied can be divided into three 
groups: unsubstituted aliphatic, w-phenyl-substi- 
tuted aliphatic and aromatic amides. Three amides 
which are readily hydrolysed by tissue extracts and 
are respectively typical of each group, n-valeramide, 
B-phenylpropionamide and p-nitrobenzamide, have 
been used as substrates in more detailed work. Un- 
less otherwise stated, all the aliphatic amides are 
derived from the normal fatty acids. 


MATERIALS 


Amides. Amides used in earlier investigations were 
obtained as previously described. The other amides or the 
corresponding acids or esters were purchased from British 
Drug Houses Ltd., unless stated otherwise. Hexanamide 
and stearamide were purchased. The following were prepared 
from the parent acids via the acid chlorides: 0-, m- and 
p-chlorobenzamides, decanamide, tetradecanamide, picolin- 
amide and isonicotinamide (acids of the last two prepared 
from «- and y-picolines, Light and Co.). The following were 
prepared by heating the methyl or ethyl ester of the corre- 
sponding acid with NH, (sp.gr. 0-880) in sealed tubes: 
heptanamide (methyl heptanoate from W. J. Bush and Co. 
Ltd.), octanamide, nonanamide, hendecanamide (ethyl 
hendecanoate from Prof. T. P. Hilditch), dodecanamide, 
palmitamide. Amides were prepared from the following 
acids via the acid chloride. 

o-, m- and p-Fluorobenzoic acids. The appropriate amino- 
benzoic acid or its methyl ester was converted to the fluoro- 


benzoic acid by a method based upon those of Schiemann & 
Winkelmiiller (1933) and Dippy & Williams (1934). 

B-Phenylpropionic acid. This was prepared by reduction of 
cinnamic acid with Na amalgam (Vanino, 1923). 

y-Phenylbutyric acid. B-Benzoylpropionic acid was pre- 
pared from benzene and succinic anhydride by Friedel-Craft 
condensation (Somerville & Allen, 1933, 1935) and reduced 
by Zn amalgam to y-phenylbutyric acid (Overbaugh, Allen, 
Martin & Fieser, 1935). 

5-Phenylvaleric acid. B-Styrylacrylic acid was prepared 
from cinnamic aldehyde and acetic anhydride (Perkin, 1877) 
and reduced with Na amalgam followed by red P and I, to 
5-phenylvaleric acid (Baeyer & Jackson, 1880). 

6-Phenylhexanoic acid. §-Benzoylvaleric acid was pre- 
pared from adipyl chloride and benzene by Friedel-Craft 
condensation (Borsche & Wollemann, 1912; Borsche, 1919). 
The yield from this condensation is very small (10%) since 
the main product of the reaction is «5-dibenzoylbutane. 
8-Benzoylvaleric acid was reduced by Zn amalgam to 6- 
phenylhexanoic acid (Borsche & Wollemann, 1912; Borsche, 
1919) which was converted without purification (it is very 
difficult to obtain this acid pure, cf. Borsche, 1919) to the 
amide. Although recrystallized to constant melting point 
(88-90°) the product was not quite pure. (Found: C, 74-6; 
H, 8-5; N, 6-6; amide N (by estimation of the NH, liberated 
by acid hydrolysis) 6-8. C,,H,,ON requires C, 75-4; H, 8-9; 
N, 7-3; amide N, 7-°3%.) The amide N value corresponds to 
92-5 % of the theoretical value. 

Tridecanamide, pentadecanamide, heptadecanamide. These 
were prepared from the primary alcohols containing one less 
C atom by the following stages: 


R.CH,OH->R.CH,I+R.CH,CN->R.CH,CONH,. 


(Dodecan-1l-ol and 1l-iodohexadecane from British Drug 
Houses Ltd., tetradecan-l-ol from Prof. T. P. Hilditch.) 
iso-Hexanamide (B-methylvaleramide) was prepared by 
the action of cone. H,SO, at ordinary temperature on 
2-methyl-n-butyl cyanide (British Drug Houses Ltd.). 


METHODS 


Preparation of digests. The digests were prepared from 
0-01204 solutions (or partial suspensions in the case of the 
higher unsubstituted aliphatic amides with more than 8 
carbon atoms) of the amides in buffer solution (pH 7-4 unless 
otherwise stated) and tissue extract as previously described 
(Bray et al. 19496). CHCl,.was not added as preservative 
since experiments were not carried on longer than 6 hr. 
Where amides were soluble with difficulty the buffer solution 
was warmed. At pH 7-4 this caused no hydrolysis of the 
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amides, but in buffers at higher pH some amides were 
slightly hydrolysed. In such cases the extent of hydrolysis 
was determined and the appropriate correction made in 
assessing the extent of enzymic hydrolysis. 

Estimation of amide hydrolysis. The NH; liberated was 
determined by the method described by Bray et al. (1949a). 

Estimation of arginase activity. The method was based 
upon that of Hunter & Downs (1944). Arginine (0-01204m 
in phosphate buffer pH 7-4 containing 30 mg. Co(NO;)./ 
100 ml.) was incubated with the liver extract. Samples 
(4 ml.) were withdrawn at intervals and the reaction stopped 
by heating with 2N-HCl (2 ml.) at 100° for 10 min. After 
cooling, 2N-NaOH (2 ml.) was added and the mixture in- 
cubated with urease (one tablet ‘urease B.D.H.’, British 
Drug Houses Ltd.) for 40 min. The NH, formed was esti- 
mated as above. 


RESULTS 
Hydrolysis of amides by rabbit-liver extracts 


The amides were incubated with rabbit-liver extract 
for 5 hr. at 37°. Experiments of this duration gave 
values very close to equilibrium values obtained by 
incubation for a further 15 hr. after addition of 


Percentage hydrolysis 
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Fig. 1. Percentages of aliphatic amides hydrolysed in 5 hr. 
at pH 7-4 by rabbit-liver extract. Black bars: amides of 
normal saturated fatty acids; hatched bar: isohexan- 
amide; unshaded bars: amides of w-phenyl-substituted 
normal saturated fatty acids. (The dotted bar represents 
an amide which was only 92% pure.) 


chloroform (1-0 ml.) as a preservative. Several de- 
terminations were made of the percentage of each 
amide hydrolysed. The results were sufficiently close 
to the average values to justify recording the latter 
as typical values in Figs. 1 and 2. 

(a) Unsubstituted saturated straight-chain aliphatic 
amides. Fig. 1 shows the effect of chain length on 
the degree of hydrolysis of amides containing 1-18 
carbon atoms. Maximum hydrolysis was observed 
with the amides of hexanoic and heptanoic acids, 
the degree of hydrolysis falling off progressively on 
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either side. Amides with less than 3 or more than 11 
carbon atoms were only hydrolysed to a small extent. 
The slight hydrolysis observed with the higher 
aliphatic amides (more than 10 carbon atoms), which 
were suspended in the digests, does not appear to 
be due to the limited solubility of these amides, since 
when the digests were kept for 20 hr. there was no 
evidence of a slow but continuous hydrolysis. It is 
of interest that the branched-chain amide with 6 
carbon atoms, 7sohexanamide, was hydrolysed to a 
greater extent than any of the amides except the 
corresponding normal amide and heptanamide. 

(b) w-Phenyl-substituted aliphatic amides. Results 
for these are shown in Fig. 1. w-Phenyl substitution 
appears to facilitate hydrolysis of amides with not 
more than 4 aliphatic carbon atoms, f-phenyl- 
propionamide being hydrolysed with exceptional 
ease. 5-Phenylvaleramide and 6-phenylhexanamide 
are not as readily hydrolysed as the corresponding 
unsubstituted amides. The value obtained for 6- 
phenylhexanamide has been shown by a dotted bar 
in Fig. 1 since the amide was only about 92 % pure. 
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Fig. 2. Percentages of substituted benzamides (black bars) 
and of picolinamides (unshaded bars) hydrolysed in 5 hr. 
at pH 7-4 by rabbit-liver extract. 


(c) Aromatic amides. The results for aromatic 
amides are shown in Fig. 2. Several of these amides 
have been previously examined using chloroform as 
preservative (Bray et al. 1948). Chloroform has a 
slight retardant effect (Bray et al. 19496), but causes 
no change in the relative amounts of the different 
amides hydrolysed. All the values shown in Fig. 2 
have been determined in the absence of chloroform. 
Values for the chloro- and fluoro-benzamides and 
the 2- and 4-picolinamides have not been previously 
recorded. It is clear from Fig. 2, that when hydro- 
lysis occurs readily in the benzene series, the position 
of the substituent has a pronounced influence on the 
degree of hydrolysis. The effect is less pronounced 
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in the fluorobenzamides. Substitution with an 
amino or hydroxyl group practically inhibits hydro- 
lysis since the very low values found are of doubtful 
significance. Of the pyridine amides only the ortho 
compound undergoes considerable hydrolysis. 





Hydrolysis of amides by extracts of rabbit kidney 

The hydrolytic activity of rabbit-kidney extract 
towards some amides was examined under the same 
conditions as used with the liver extracts. n-Valer- 
amide, 8-phenylpropionamide and p-nitrobenzamide 
were hydrolysed (13, 36 and 35% respectively, 
Table 1). Phenylacetamide and the lower aliphatic 
amides up to butyramide were not hydrolysed to any 
significant extent. 
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results were sufficiently close to the average values 
to justify presentation of the averages as typical 
values. 

(2) Effect of acetone treatment. Rabbit liver was 
treated with acetone as previously described (Bray 
et al. 1949a), and the hydrolytic activity of the pro- 
duct towards the three amides compared with that 
of fresh liver extract. It can be seen from the 
examples in Table 2, that the activity towards all 
three amides is diminished to a similar extent by 
treatment with acetone. 

(3) Effect of pH. The three amides dissolved in 
phosphate solutions of varying pH were incubated 
with rabbit-liver extract. Highest amidase activity 
was observed between pH 8-2 and 8-4, whichever 


Table 1. Amidase activity of various tissues 


Average percentage hydrolysis, with number of experiments in parentheses 


Experiments with p-nitrobenzamide, n-valeramide 
and B-phenylpropionamide 








curve for each amide. The pH values recorded are 
those of the digests and remained practically con- 
stant throughout the experiment. To obtain the 


cs cece 
p-Nitrobenzamide n-Valeramide B-Phenylpropionamide 
(Co crm 
Tissue 3 hr. 5 hr. 3 hr. 5 hr. 3 hr. 5 hr. 
Rabbit liver 71 (11) 79 (11) 48 (5) 55 (5) 95 (6) 95 (6) 
Guinea pig liver 27 (2 36 (2) 39 (2) 53 (2) 59 (1) 70 (1) 
Rat liver 16 (2) 18 (2) 48 (2) 55 (2) 39 (1) 56 (1) 
Dog liver 21 (3) 27 (3) 43 (3) 53 (3) 75 (3) 85 (3) } 
Horse liver 19 (2) 25 (2) 11 (2) 20 (2) 29 (2) 42 (2) 
Rabbit kidney 26 (9) 35 (9) 11 (2) 13 (2) 26 (2) 36 (2) 
Rat kidney 4 (1) 5 (1) 6 (1) 9 (1) 12 (1) 17 (1) 
Dog kidney 7 (3) 10 (3) 17 (3) 23 (3) 50 (3) 59 (3) 
Horse kidney 0 (2) 0 (2) 3 (2) 3 (2) 6 (2) 8 (2) 
! 
Table 2. Effect of acetone treatment on amidase activity of rabbit-liver extract 
Percentage hydrolysis of 
ane ‘ ig 
p-Nitrobenzamide n-Valeramide f-Phenylpropionamide 
Exp. rer et scams eealaaaemeee ae SS 
no. 3 hr. 5 hr. 3 hr. 5 hr. 3 hr. 5 hr. 
1 Fresh extract 79 87 67 71 94 94 
1 Acetone-treated extract 22 29 7 ll 20 36 
2 Acetone-treated extract 7 13 4 7 9 14 
amide was used as substrate. Fig. 3 shows a typical | 
| 


The following experiments were carried out with 
a view to showing whether the same amidase was 
concerned with the hydrolysis of all the amides 
examined. 

(1) Hydrolysis by extracts of livers of different 
species. The hydrolytic activity of extracts of liver 
and kidney of the rabbit, rat, guinea pig, dog and 
horse towards the three amides has been determined 
and the results are summarized in Table 1. The three 
amides were compared under the same conditions. 
Except where only one experiment is indicated, the 
values recorded are averages of a number of experi- 
ments. Each individual experiment showed the 


same pattern in relative activities and the actual 


digests of high pH it was necessary to use phosphate 
solutions of higher pH than that of the final mixture. 
The phosphate solutions were warmed to facilitate 
solution of the amide. Under the conditions used no 
hydrolysis of n-valeramide or B-phenylpropionamide 
was observed, but p-nitrobenzamide was hydrolysed 
to the extent of 3-2% when dissolved in the phos- 
phate solution of pH 10-65 which was used in making 
the digest of pH 9-47. There was no significant 
hydrolysis at pH 9-47. The value recorded for hydro- 
lysis of p-nitrobenzamide by rabbit-liver extract at 
pH 9-47 in Fig. 3 has, therefore, been corrected to 
allow for the initial hydrolysis due to solution in the 
phosphate solution. The correction was — 1-5%. For 
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the digest pH 8-79 (phosphate solution pH 10-49) it 
was —0-7%. Solutions of lower pH caused no 
hydrolysis of p-nitrobenzamide. 


a 
o 


3 


Percentage hydrolysis 
w 
° 





70 75 8-0 85 9-0 75 100 


pH 


Fig. 3. Effect of pH on the hydrolysis of amides by rabbit- 
liver extract. Times of digestion: p-nitrobenzamide, 3 hr.; 
n-valeramide, 5 hr.; 8-phenylpropionamide, 1 hr. 


It can be seen from Fig. 3 that the activity at 
pH 7-4 is sufficiently high to justify routine deter- 


ENZYMIC HYDROLYSIS OF AMIDES 


297 


minations at this pH. Phosphates have good 
buffering power at this pH and there is little change 
in pH on addition of the tissue extract. None of the 
sparingly soluble amides examined was hydrolysed 
when warmed with phosphate buffer of pH 7-4. 

(4) Lyophilization of liver extracts. An extract of 
rabbit liver was prepared in the usual way. Part 
was used for determination of amidase activity using 
p-nitrobenzamide as substrate and the remainder 
lyophilized (75 ml. extract gave about 5g. dry 
powder). Part of the powder was suspended in water 
(25 ml.) to give a solution of concentration corre- 
sponding to the original extract and the amidase 
activity towards the three amides determined. The 
activity was again determined after the powder had 
been stored for 3-4 months in a desiccator in vacuo. 
The results of the experiments shown in Table 3, 
indicate little loss in activity on lyophilization but 
considerable loss on storage. 

(5) Safranine precipitation. It was shown in a 
previous paper (Bray et al. 19496) that the addition 
of an equal volume of an aqueous solution of safra- 
nine (0-5 %) to rabbit-liver extract according to the 
method of Geddes & Hunter (1928) gave a precipitate 
which retained the p-nitrobenzamidase activity of 
the original tissue without appreciable loss. In the 
experiments recorded in Table 4 the safranine pre- 
cipitate was suspended in water equal in volume to 
that of the extract from which it had been obtained. 
Such suspensions hydrolysed p-nitrobenzamide, n- 
valeramide and £-phenylpropionamide to a slightly 
smaller extent than the original extract. Table 4 also 


Table 3. Effect of lyophilization on amidase activity of rabbit-liver extract 


Percentage hydrolysis of 
A 











eae ‘ 
p-Nitrobenzamide n-Valeramide B-Phenylpropionamide 

Exp. aceeaciindaaan eaten aaMiee a cacy A oy 

no. 2 hr. 4 hr. 2 hr. 4 hr. 2 hr. 4 hr. 
1 Fresh extract 52 67 —_ _ _ = 
1 Lyophilized extract 51 61 25 32 63 80 
1 Above after storage 3 months 21 30 9 14 48 60 
2 Lyophilized extract 57 74 32 50 72 93 
2 Above after storage 4 months 34 50 16 24 52 67 

Table 4. Effect of safranine precipitation on amidase activity of liver extracts 
Percentage hydrolysis of 
c= A 
p-Nitrobenzamide n-Valeramide B-Phenylpropionamide 
Exp. (ch Actas ipo pe Ry EOE 
no. 2 hr. 4 hr. 2 hr. 4 hr. 2 hr. 4 hr. 
Rabbit liver 
1 Fresh extract 57 77 41 52 80 88 
i Safranine precipitate 43 60 26 46 60 88 
2 Safranine precipitate 51 73 30 55 63 93 
2 Acetone-dried safranine precipitate 32 49 22 41 44 75 
3 Lyophilized precipitate 2 60 22 37 56 80 
Guinea pig liver 

4 Lyophilized safranine precipitate 21 26 21 34 26 44 
5 Lyophilized safranine precipitate 14 17 17 21 24 33 
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shows that considerable activity is retained after 
drying the safranine precipitate either by acetone 
or lyophilization. 

Similar results were obtained with guinea pig 
liver. All attempts to remove the dye from the 
safranine precipitate by treatment with organic sol- 
vents (e.g. n-butan-1-ol, 7so-pentan-1-ol, cf. Forbes, 
1927) resulted in complete loss of the amidase 
activity. 


Arginase activity of rabbit-liver extract 


It can be seen from the experiments recorded in 
Table 5 that rabbit liver possesses high arginase 
activity at pH 7-4. This activity is not diminished 
by lyophilization or even by storage of the lyo- 
philized material in a desiccator for 11 weeks. Treat- 
ment with safranine gave a precipitate in which 
the original activity was largely retained. It has 
been shown above (Table 2) that acetone treatment 
of rabbit-liver extracts caused considerable loss in 
p-nitrobenzamidase activity. In Exps. 1 and 2, 
Table 5, this loss in activity towards p-nitrobenz- 
amide is again clearly shown, but the arginase 
activity is unimpaired by the acetone treatment. 
These experiments also show that cobalt nitrate, 
which was added to the buffer for the arginase deter- 
minations, had no significant effect upon the p-nitro- 
benzamidase activity. 





THORPE AND M. R. WASDELL 1950 


extent of less than 10%, i.e. barely significant or 
no significant hydrolysis. In general, it appears that 
(1) only aliphatic amides with 5-10 carbon atoms 
are readily hydrolysed, (2) all w-phenyl-substituted 
aliphatic amides examined were hydrolysed to a 
significant extent, (3) nuclear substitution of benz- 
amide with —NH, or —OH in any position prevents 
hydrolysis, (4) with the other substituents examined 
(—NO,, —CH,, —Cl, —F) substitution in the para 
position enhances, and in the ortho position dimi- 
nishes the ease of hydrolysis, the fluorobenzamides 
being exceptional in that ortho substitution enhances 
and meta and para substitution has no significant 
effect. Of the amides of pyridine carboxylic acids 
only 2-picolinamide is significantly hydrolysed. 
The experiments with n-valeramide, f-phenyl- 
propionamide and p-nitrobenzamide were carried 
out with a view to showing whether the same 
amidase was concerned with the hydrolysis of all 
the amides. The results obtained showing the 
activities of extracts of livers of different species 
and the effects of various treatments of rabbit-liver 
extracts do not warrant the conclusion that there is 
more than one amidase concerned with the hydro- 
lysis of these amides. It has already been shown 
(Bray et al. 1949) that this amidase is distinct from 
certain other amidases, e.g. glutaminase, aspara- 
ginase which appear to have more specific activity. 


Table 5. Arginase and amidase activity of rabbit-liver extracts 
and the effect of various treatments 


Percentage changed 
A 








2 ~ 
Arginine p-Nitrobenzamide 
Exp. : 
no. 0-25hr. Ilhr. Shr. 4 hr. 0-25hr. Lhr. 3 hr. 4 hr. 
1 Untreated extract 79 80 82 83 38 59 74 76 
1 Acetone-treated extract (precipitate) 61 80 80 80 2 7 12 13 
2 Untreated extract 6 76 76 76 19 56 70 71 
2 Above +Co(NOs), — — -- --- 23 56 70 71 
2 Acctone-treated extract (precipitate) 70 78 79 79 —_ _— 0 4 
2 Above +Co(NOs). -- — —_ a —_ oa 3 3 
3 Lyophilized extract (after storage — 82 84 _ 6 16 27 30 
11 weeks) 
4 Safranine-treated extract 17 43 66 71 9 29 56 66 
(precipitate) 


Urease activity of liver extracts 
No ammonia was liberated from urea (0-01204M in 
phosphate buffer 7-4) when incubated with extracts 
of rabbit or guinea pig liver. The extracts were very 
active in hydrolysing p-nitrobenzamide. 


DISCUSSION 


The examination of the effect of liver extract upon 
47 amides has shown that less than half (20) are 
hydrolysed to an extent greater than 30% in 5 hr. 
About the same number (21) are hydrolysed to the 


It has also now been shown that preparations con- 
taining the amidase have no urease activity and that 
the amidase activity of rabbit-liver extract can be 
differentiated from its arginase activity since the 
latter is not diminished by treatment of the extract 
with acetone. 


SUMMARY 


1. The amidase activity of rabbit-liver extract has 
been examined using 47 amides as substrates. Nearly 
half of these amides are‘readily hydrolysed. 

2. The extent of hydrolysis is influenced by the 
number of carbon atoms in straight-chain aliphatic 
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amides and by the position of substituents in 
atomatic amides. 

3. Experiments with typical aliphatic, w-phenyl- 
substituted aliphatic and aromatic amides suggest 
that the same amidase is concerned with the hydro- 
lysis of all the amides. 

4, The amidase is most effective between pH 8-2- 
8-4. 
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Determination of Antrycide 


By A. SPINKS 
Imperial Chemical Industries Research Laboratories Ltd., Hexagon House, Manchester 9 


(Received 21 March 1950) 


‘Antrycide ’* (I, 4-amino-6-(2’-amino-1’:6’-dimethyl- 
pyridinium-4’-amino)-1:2-dimethylquinolinium di- 
chloride or dimethosulphate) was developed in the 
laboratories of Imperial Chemical Industries Ltd. by 
Curd & Davey (1949, 1950) and their collaborators. 


5! 
4! 6 
13’! Nth, 
N3, ; NCH, 


CH, 





(X~), 





N + 
CH, NH, 


It has outstanding activity against numerous T'rypa- 
nosoma species, notably 7’. congolense, in mice and 
cattle. Davey (1947) found that its action varied 
according to the form in which it was administered 
subcutaneously. Very soluble salts, for example the 
dimethosulphate (I, X” =CH,SO, ), were more toxic 
than sparingly soluble salts, for example the di- 
chloride (I, X” = Cl"), when these were given in large 


* The name ‘Antrycide’ is a trade mark of Imperial 
Chemical (Pharmaceuticals) Ltd. 


amounts as dispersions. The prophylactic action of 
the dichloride, however, persisted longer than that 
of the dimethosulphate. If the subcutaneous reser- 
voir of drug was removed, prophylactic activity was 
soon lost. These findings suggest that Antrycide, 
when given as a ‘soluble’ salt, may be more rapidly 
absorbed but less persistent than when given as an 
‘insoluble’ salt, persistence possibly depending on 
slow seepage of Antrycide into the blood stream from 
the subcutaneous reservoir. Persistence owing to 
such an effect was demonstrated by Browning & 
Gulbransen (1934) for a styrylquinoline derivative. 

In order to examine these possibilities a method of 
determination was needed. It was clear that such a 
method must be very sensitive, since 1 pg. of 
Antrycide exerts a slight but definite therapeutic 
effect when administered subcutaneously to a mouse. 
Although several methods failed because of in- 
adequate sensitivity, and some for other reasons as 
well, a short account of them will be given, as they 
may be applicable to other problems. A brief sum- 
mary of the preferred method has already been 
published (Spinks, 1949). 





300 
EXPERIMENTAL AND RESULTS 


Colour reactions 


Antrycide is colourless, and although it fluoresces blue in 
ultraviolet light the fluorescence is very weak. Initially, 
therefore, colorimetric methods were sought. Three main 
possibilities of chemical reaction were studied: (i) hydro- 
lysis to give a diazotizable 6-aminoquinoline, comparable 
to the hydrolysis of 2-arylaminopyrimidines described 
by Spinks & Tottey (1946); (ii) reaction with dimethylamino- 
benzaldehyde to give a styrylquinoline; (iii) reaction 
with the usual photosensitizer intermediates to give a 
cyanine dye. None of these reactions gave promising 
results. Hydrolysis of Antrycide was found by Curd (1947) 
to remove the two amino groups; very drastic conditions 
were necessary to give further breakdown. Styrylquinoline 
and cyanine-dye formation failed to occur under the varied 
conditions tried. Experiments with model compounds 
showed that this was due to the presence of the amino group 
in position 4 of the quinoline nucleus. Absence of this group 
led to facile reactivity. The possibility of converting it to 
hydroxy] by hydrolysis and then using the cyanine or styry]l- 
quinoline reaction was tried, but abandoned after pre- 
liminary tests on hydrolysates had given negative results, 
and after the 4-hydroxy compound itself had been shown not 
to react. Reaction of the parent compound with cyanogen 
bromide and various amines was also tried, but the yellow 
colours formed were very feeble, as were those obtained on 
attempted coupling with diazonium salts. 

Failure to obtain chemical colour reactions directed 
attention to the possibility of using ‘physical’ colour 
reactions instead. Methods of determining organic bases by 
forming solvent-soluble salts with coloured acids have been 
introduced by Prudhomme (1938, 1940) and Auerbach (1943), 
and extended by many other workers, particularly Brodie 
(Brodie & Udenfriend, 1945; Brodie, Udenfriend & Dill, 
1947). The principle of these methods is salt formation by 
the base with an acid dye at such a pH that the salt is 
soluble, and the excess acid insoluble, in an extracting sol- 
vent. The base can thus be determined in the solvent by 
colorimetry. Prudhomme (1938, 1940) used eosin, Auerbach 
(1943) (cf. Marshall & Rogers, 1945; King, Wootton & 
Gilchrist, 1946) bromophenol blue and bromothymol blue, 
and Brodie & Udenfriend (1945) and Brodie et al. (1947) 
methyl orange. Another type of physical method has been 
developed by Gage, Rose & Scott (1948) for suramin (Antry- 
pol (Bayer, 205, 3:3’-ureidobis [8-(3-benzamido-p-toluido)- 
1:2:5-naphthalenetrisulphonic acid]). They found that 
addition of suramin to styrylquinoline solutions gave a 
marked colour change which can be utilized for the estima- 
tion of suramin. 

Such reactions have been investigated with Antrycide. 
Tests were made with about thirty acid dyes, including 
phenolphthaleins, sulphonphthaleins, azonaphthalenesul- 
phonic acids, azobenzenesulphonic acids, and azostilbene- 
sulphonic acids, and each dye-Antrycide mixture was shaken 
with ethylene dichloride. No salt passed into ethylene di- 
chloride, and only one dye gave a marked colour change. 
This was brilliant yellow, stilbene-2:2’-disulphonic acid- 
4:4’-bisazophenol, solutions of which in aqueous Na,CO, 
changed from orange to red on adding Antrycide. A red 
precipitate was slowly deposited. Investigation of this 
colour change along the lines described by Gage et al. (1948) 
for suramin and 2-p-dimethylaminostyryl-6-acetamido- 
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quinoline methochloride (SQ 24) showed that it did not occur 
in very dilute solution, or in the presence of plasma. Several 
related dyes were synthesized by coupling tetrazotized 
4:4’-diaminostilbene-2:2’-disulphonic acid with naphthols 
and dimethylaniline, but none gave as marked a colour 
change as brilliant yellow; however, the «-naphthol dye 
(‘dye «’), gave a highly insoluble salt. One other dye, 
congo red, also forms a highly insoluble salt; on shaking 
the dye-Antrycide mixture with ethylene dichloride the salt 
forms a lake at the interface. This phenomenon was further 
investigated using various solvents, and it was found that 
butanol dissolves the excess congo red completely, the salt 
remaining undissolved at the interface. This behaviour is 
roughly the reverse of that utilized in the development of 
the dye methods reviewed earlier. It was made the basis of 
a method of determining Antrycide in ordinary aqueous 
solution. 


Colorimetric determination (congo red method) 


To 1 ml. of an aqueous solution of Antrycide containing 
0-10 yg., add 1 ml. of a 3 mg./100 ml. solution of congo red 
WS (Imperial Chemical Industries Ltd.), 1 ml. of 0-5m- 
phosphate buffer, pH 7, and 1 ml. of butanol, and shake 
vigorously for 2 min. Allow to stand for 2 min. and transfer 
the upper layer to a colorimeter cell. Read the extinction 
coefficient against pure butanol as blank, using a green 
filter. The extinction coefficient decreases with increasing 
concentrations of Antrycide. 

This method failed when applied directly to plasma, 
because the excess dye, instead of passing into butanol, 
completely laked with protein at the interface. It failed also 
with dilute aqueous solutions of more than about 7 ml. 
in volume, and therefore could not be applied to protein- 
free plasma filtrates or to eluates from Decalso columns. 
Preliminary hydrolysis of plasma proteins by trypsin, 
pepsin, acid and alkali was tried, but gave most unpromising 
results. 


Colorimetric determination (suramin method) 


Since Antrycide reacted so readily with acid dyes 
it was suggested to the author by Mr J. C. Gage that 
it might combine strongly with suramin and thereby 
prevent discharge by the latter of the red colour of 
SQ 24 (Gage et al. 1948). This was found to occur, and 
the following method was developed. 

To 1 ml. of an aqueous solution containing 0-10 yg. of 
Antrycide, add 1 ml. of a 2 mg./100 ml. solution of sura- 
min, and | ml. of 0:-2mM-phosphate, pH 7. Mix well and allow 
to stand for 5 min. Add 1 ml. of a 12-5 mg./100 ml. solution 
of SQ 24. Read the extinction coefficient against distilled 
water in a colorimeter or spectrophotometer using a filter 
or slit transmitting at 505 mp. A standard curve is also 
constructed using known amounts of Antrycide. Most free 
SQ 24 is present when Antrycide concentrations are highest. 
Extinction coefficients at 505 my. therefore increase with 
increasing concentration of Antrycide. 

This method failed in the presence of plasma, but 
dilution did not affect the results, except that sen- 
sitivity was reduced, so that it could be applied to 
plasma filtrates. Its sensitivity was then too low for 
the analysis of Antrycide in plasma from dosed 
animals. 
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Various other colorimetric methods were developed, but 
will not be described in detail. One involved chromatography 
on alumina of mixed solutions of Antrycide and dye «. 
The salt separated out at the top of the column, was 
washed free of excess dye with water, and was then eluted 
with ethanolic KOH. A related method involved shaking 
similar solutions of dye and Antrycide with kieselguhr. The 
salt came down with the kieselguhr on centrifuging and was 
washed and eluted as in the chromatographic experiments. 
Both methods failed in the presence of plasma, or when less 
than 2-5 yg. of Antrycide were present. 


Fluorescence of Antrycide 


Using the Spekker fluorimeter 5—50 pg. of Antry- 
cide could be determined in 10 ml. of water, using the 
Coleman fluorimeter (model 12A) 0-5-10 yg. in 
10 ml. The Coleman fluorimeter had the further 
advantage that the plot of concentration against 
galvanometer reading was a straight line. 


The colour of the fluorescence was first investigated. An 
approximate fluorescence spectrum was constructed by 
reading the fluorescence intensity of a 200 yg./ml. solution 
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Fig. 1. Approximate fluorescence spectrum of Antrycide in 
buffer, pH 3 (A), and transmission of filter PC 1 (B). 


of Antrycide in 0-1 M-citrate-HCl buffer, pH 3, with various 
Ilford Spectrum filters in the fluorimeter. The results 
are given in Fig. 1. They have been adjusted to com- 
pensate for the different transmissions of the filters. The 
fluorescence was maximal at the lowest wavelengths it was 
possible to use. Of the available tilters the Coleman filter 
PC1 gave the highest sensitivity when used in conjunction 
with ultraviolet filter B1S. The transmission of filter PC1 
is shown in Fig. 1. 

The variation of fluorescence intensity with pH was in- 
vestigated using as solvents 0-1 m-citrate-HCl, 0-1 M-phos- 
phate and 0-1 M-glycine-NaOH buffers (Fig. 2). The glycine- 
NaOH buffers gave a curve which was not continuous with 
that given by the others. An effect of electrolytes on the 
fluorescence may therefore be suspected, although it is 
probably only slight. Since fluorescence was maximal at 
pH 3 acid protein precipitants were examined. Fig. 3 shows 
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the fluorescence intensity of Antrycide added to (a) dilute 
trichloroacetic acid (TCA), (b) a TCA filtrate from normal 
plasma, and (c) plasma before precipitation with TCA. The 
results showed that substances present in the plasma in- 
creased the fluorescence of Antrycide, and that loss of about 
30% of the Antrycide occurred during the precipitation of 
plasma proteins with TCA. These two opposite effects 
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Fig. 2. Effect of pH on the fluorescence of Antrycide. 
pH 1-4, 0-1mM-citrate-HCl; pH 5-8, 0-1m-phosphate; 
pH 9-12, 0-1m-glycine-NaOH. 
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Fig. 3. Fluorescence intensity of Antrycide; in TCA, @—®, 
added to a TCA filtrate of normal serum, x — x ; added to 
serum before precipitation with TCA, O—O. 


showed that it would not be possible to determine Antrycide 
using aqueous standards, and the procedure used by Brodie 
& Udenfriend (1943) for the determination of quinine was 
adopted; that is, a sample of normal plasma was obtained 
from an experimental animal before dosing and used in the 
preparation of a blank and standard, as described below. 
No attempt was made to buffer the TCA filtrate to pH 3, 
as this only raised the fluorescence intensity by about 10%. 
A description of the method follows. 
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Direct fluorimetric method 


To three tubes, labelled B, S, U, add, respectively, 1 ml. 
of normal plasma, 1 ml. of normal plasma, and 1 ml. of 
plasma to be analysed. Add 9 ml. of water to B and U, and 
8 ml. of water and 1 ml. of a 1 mg./100 ml. aqueous solution 
of Antrycide to S. Mix well. Add 3 ml. of 15% (w/v) TCA 
to each tube, mix well, and allow to stand for 10 min. 
Centrifuge for 20 min. at 3000-4000 rev./min. and transfer 
the upper layers to fluorimeter cuvettes. With solution B in 
the instrument, and using filter combination B18, PC1, 
adjust the galvanometer to zero, and then take the readings 
of solutions S and U. If these readings are s and w re- 
spectively, the concentration of Antrycide in the unknown 
is u/s mg./100 ml. Recoveries of known amounts of Antry- 
cide are shown in Table 1. 


Table 1. Recovery of Antrycide from plasma by 
the direct fluorimetric method 


Added Found Recovery 

(ug-) (ug-) (%) 
1 1-09 109 

2 1-83 91 
3 3-58 119 
3 2-66 89 
3 3-07 102 

5 5-21 104 
5 4-80 96 

6 5-99 100 

7 6-20 89 

7 7:33 105 
Mean 100 


The use of this method for the determination of Antrycide 
in the plasma of dosed animals showed that it would measure 
Antrycide if the latter had been given intravenously or as 
a ‘soluble’ salt subcutaneously, but not if it had been given 
as an ‘insoluble’ salt subcutaneously. At best it would only 
measure the earlier concentrations up to about 3 hr. after the 
administration of 5 or 10 mg./kg. Efforts were therefore 
made to increase the sensitivity, mainly in two ways. First, 
the effect of the reagent used by Auerbach & Eckert (1944) 
to potentiate the fluorescence of mepacrine was examined; 
secondly, the possibility of concentrating Antrycide by 
adsorption and elution techniques was tried. The Auerbach 
reagent contains caffeine, sodium benzoate, ethanol and 
ethanolamine. When added to solutions of Antrycide in TCA 
it increased the intensity of fluorescence about twice, but 
the increase was too small to be of any value. Tests with 
ion-exchange columns showed that Antrycide could be con- 
centrated from a large volume of water or serum by passing 
it through a Decalso column. Antrycide was retained, and 
part of it could subsequently be eluted with 25% (w/v) KCl 
in 0-2N-HCl. So far, unfortunately, no base-exchange resin 
or eluent tested has allowed quantitative elution of the 
Antrycide, which appeared to be very firmly retained by 
each resin. 

Indirect fluorimetry 


While these experiments were in progress the author’s 
colleague, Dr J. Raventds, had been examining the deter- 
mination of dextro-tubocurarine chloride, partly along lines 
indicated by the author’s experience with Antrycide. He 
found that dextro-tubocurarine chloride, also a complex 
quaternary salt, behaved very much like Antrycide in that 
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salts formed with acid dyes were insoluble in benzene and 
ethylene dichloride. However, with ‘bluish’ eosin it gave 
a salt which could be separated from excess eosin by shaking 
at pH 7 with CHCl, containing 15% (v/v) of butanol; the 
salt was feebly coloured and, in the extracting solvent, feebly 
fluorescent. Raventds’s technique was tried with Antrycide 
and it was found that the salt of Antrycide and ‘yellowish’ 
eosin was very strongly fluorescent in CHCI,-butanol. The 
conditions of the method were therefore examined in detail. 

The approximate fluorescence spectrum was established 
as described for Antrycide itself, using a CHCl,-butanol 
solution containing the eosin salt from 4 wg. of Antrycide in 
12 ml. This spectrum is shown in Fig. 4. Fluorescence in- 
tensity was highest at 550-580 my. in conformity with the 
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Fig. 4. Approximate fluorescence spectrum of an Antrycide- 
eosin solution in CHCl,-butanol (A), compared with the 
light transmission of filters Coleman PC9 (B) and Chance 
OG2 (C). 


greenish-yellow colour. Two filters were used in subsequent 
experiments, a Coleman yellow filter, PC9, and a Chance 
green filter OG 2. The transmittance of these filters is shown 
in Fig. 4. The yellow filter was used with ultraviolet filter 
B1S (a combination subsequently referred to as H, for high 
sensitivity) and the green with ultraviolet filter Bl (com- 
bination L for low sensitivity). B1 transmits mainly the 
365 mp. band, like B1S, but incorporates a screen which 
reduces the amount of incident light. Filter combination H 
was about ten times as sensitive as combination L. The use 
of both permitted the determination of 0-014 yg. of 
Antrycide without diluting the final solutions. The Coleman 
yellow-green filter PC9 A gave slightly higher sensitivity than 
PC9, but the amount of blue fluorescence passed by it was 
so much greater as to reduce the accuracy of determination, 
chance contamination usually leading to increased blue 
fluorescence of the final extracts. The plasma blank was also 
increased when filter PC9A was used. This blank is usually 
0-8 yg./1. with combination H. It is higher with combination 
L, but because L is used to determine very high concen- 
trations the difference may be neglected. 

Figs. 5-7 show the effect, on the fluorescence intensity, of 
variations in the amount of eosin used, the proportion of 
butanol in the solvent mixture, and the pH. The conditions 
giving maximal intensity were incorporated in the method 
described below, except that 20% (v/v) of butanol was used 
because higher concentrations increased the extraction of 
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interfering materials from plasma filtrates, and caused the 
formation of emulsions. The superiority of saturated NaHCO, 
to a 0-5M-buffer of the same pH was ascribed to a salting-out 
effect. During these experiments it was discovered that the 
eosin available (‘ Eosin, water-soluble, yellowish’, G. T. Gurr, 
London, §8.W.6) required purification to give the best 
results. ‘Bluish’ eosin, dichlorofluorescein and other dyes 
gave results no better than those with ‘yellowish’ eosin. 
Fluorescein did not react under the conditions used. 
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Fig. 5. Effect of varying the amount of eosin on the ex- 


traction of the Antrycide-eosin complex into CHCl- 
butanol. 
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Fig. 6. Effect of composition of CHCl,-butanol mixtures on 
the extraction of eosin-Antrycide from saturated NaHCO,: 
@—@, reading of extract against corresponding blank; 
O—O, reading of blank against CHCI,. 


Plasma when shaken with eosin, NaHCO, and solvent 
mixture gave a strongly fluorescing extract. The fluorescence, 
although blue with no apparent trace of green, was equivalent 
to that of several hundred yg. of Antrycide/l. Protein pre- 
cipitation methods were therefore examined. It was found 
that when a solution of Antrycide in dilute TCA was approxi- 
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mately neutralized before adding the eosin reagent and 
solvent, the results were satisfactory if the volume of the 
aqueous phase did not exceed about 15 ml. Beyond this 
limit emulsion formation became troublesome. Since it was 
hoped to use several ml. of plasma and thereby improve 
sensitivity, the recovery of Antrycide was examined by 
precipitation at low dilutions. Mean recoveries at overall 
dilutions of 1/3-5, 1/6 and 1/10 were 33, 59 and 77%, 
respectively. The last dilution was therefore adopted, 
although the volume limitation referred to above prevented 
the use of more than about 1-5 ml. of plasma. The following 
are the final conditions adopted. 
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buffers on the extraction of the Antrycide-eosin complex 
into CHCl,-butanol: @—@, reading of extract against 
corresponding blank; O—O, reading of blank against 
CHCI,-butanol; x, saturated NaHCO,. 


Indirect fluorimetric method for plasma 


Reagents. (1) Stock solution of eosin (‘ yellowish’, water- 
soluble, 500 mg.), in saturated NaHCO, (A.R., 500 ml.). This 
stock solution is »urified by shaking with fresh lots of solvent 
mixture until the latter no longer removes coloured or 
fluorescent impurities. It is stable in the dark. (2) Buffered 
eosin reagent. The stock solution is diluted 1/25 with saturated 
NaHCO,. It is stable in the dark. (3) Solvent mizture. 
Dilute 200 ml. of redistilled n-butanol to 1000 ml. with 
CHCl, (B.P.). (4) N-Sodium hydrowide (A.R.). (5) 15% (w/v) 
trichloroacetic acid (A.R.). (6) Antrycide stock standard 
solution, 100 mg./100 ml. (referredtoion). Dissolve 134-5 mg. 
of the dichloride dihydrate in water and dilute to 100 ml. 
(7) Antrycide working standard, 0-05 mg./100 ml. Dilute the 
stock standard when required. 

Special apparatus. Coleman or similar electronic fluori- 
meter. 

Procedure. Dilute 1-2 ml. of plasma to 10 ml. with dis- 
tilled water. Add 2 ml. of 15% (w/v) TCA; mix well, allow 
to stand for 10 min., and centrifuge at about 2000 rev./min. 
for 15 min. Transfer 10 ml. of the upper layer to a 60 ml. 
glass-stoppered bottle, and add 1 ml. of N-NaOH, 2 ml. of 
buffered eosin reagent, and 12 ml. of solvent mixture, 
delivered from a burette. Shake vigorously for 3 min., and 
allow to stand until the lower layer is clear. Remove the 
lower layer by means of a pipette provided with a rubber 
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teat, and filter it through Whatman no. 1 or similar semi-fine 
paper, into a Coleman fluorimeter cuvette. Read the fluores- 
cence against a blank and standards as described below. 

Blank and standards. Pipette 0, 0-1, 0-2, 0-4, 1-0, 2 and 
5 ml. of Antrycide working standard into 30 ml. bottles. 
Add to each 2 ml. of buffered eosin reagent and 12 ml. of 
solvent mixture. Shake vigorously for 3 min., allow to stand, 
and filter the lower layers into fluorimeter cuvettes as 
described above. The unknowns are read against blank and 
standards as follows. Using filter combination H and the 
full sensitivity setting of the instrument adjust the galvano- 
meter needle to zero with the blank (0 pg. of Antrycide) in 
position. Then read the fluorescence intensity of unknowns 
and standards. Retain those samples that read higher than 
100 for examination by the ‘low sensitivity’ technique. A 
reading of 100 is equivalent to about 0-4 ug. of Antrycide 
ion. Now substitute filter combination L for H. Re-adjust 
the zero setting of the galvanometer, retaining the full 
sensitivity setting, and read all samples. A reading of 100 is 
equivalent to about 4 wg. of Antrycide. As a plasma level 
of more than 5-6 yg./ml. is usually lethal it is not likely that 
any unknown plasma sample will give a reading higher than 
100. If one does, it and the standards are read again using 
a sensitivity setting sufficiently low to reduce the reading of 
the unknown to 100. Standard curves are then constructed 
from the readings of the standards, and the amounts of 
Antrycide found in unknowns are read from the appropriate 
curve. The amount found is multiplied by a factor of 1-3 to 
allow for the low recovery of Antrycide from plasma 
(Table 2). 

Notes. In order to recognize the existence of concen- 
trations of Antrycide lower than 20 yg./l. (which give a 
reading of about 5 on the galvanometer), it is necessary to 
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Fig. 8. Standard curves for the indirect fluorimetric deter- 
mination of Antrycide, using filters Bl and OG2 (@), or 
BIS and PC9 (0), in the Coleman fluorimeter. 


adopt rigid precautions to ensure apparatus and reagent 
cleanliness. It has been the practice to check these pre- 
cautions by including a ‘water analysis’ in each series of 
determinations. Water (1-2 ml.) is analysed exactly as 
plasma. This water analysis should never give a reading of 
more than 1 on the galvanometer (equivalent to approxi- 
mately 0-003 yg. of Antrycide). The standard curves are 
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usually straight lines (Fig. 8). However, occasional diver- 
gences have been observed, and full standard curves are 
constructed for each series of determinations. It is estimated 
that concentrations down to 40 yg./l. can be measured with 
satisfactory precision, and concentrations from 20 to 
40 yg./l. approximately. Measurements of 5-10 yg./1. should 
be recorded as ‘traces’. These estimates of sensitivity apply 
only to the fluorimeter specified and then only when the 
latter is in optimal condition. 


Recoveries of Antrycide from plasma are shown 
in Table 2. 


Table 2. Recovery of Antrycide from plasma by 
the indirect fluorimetric method 


Added Found Recovery 
(ug-) (ug-) % 
0-005 (0-008) (160) 
0-01 (0-008) (80) 
0-015 (0-012) (80) 
0-02 (0-020) (100) 
0-03 (0-028) (93) 
0-04 0-034 85 
0-04 0-029 72 
0-05 0-042 84 
0-08 0-060 75 
0-08 0-060 75 
0-10 0-085 85 
0-12 0-099 82 
0-15 0-124 83 
0-20 0-150 75 
0-20 0-166 83 
0-25 0-192 77 
0-28 0-204 73 
0-28 0-204 73 
0:35 0-262 75 
0-40 0-274 68 
0-40 0-288 72 
0-50 0-391 78 
1-00 0-743 74 
2-00 1-64 82 
2-00 1-42 71 
3-00 2-28 76 

Mean 77* 


* Excluding results in parentheses. 


Application to other biological materials 


The determination of Antrycide in blood and 
tissue was first attempted using the conditions out- 
lined for plasma. When blood was precipitated at 
1/10 dilution the mean recovery was 36%. Liver 
(1-2 g.) gave a recovery which varied from 3 to 20% 
according to the amount of drug present. It was 
eventually found that mean recoveries of the order 
of 70 % were attained if 0-2 g. of tissue or 0-4 ml. of 
blood were used in place of 1-2 ml. of plasma in the 
procedure already described. Normal tissues give 
readings equivalent to 0-0-1 mg. of Antrycide/kg. 

Determination in urine is simpier since it does not 
involve a protein-precipitation procedure. However, 
normal urine gives a rather high blank. This blank 
is due almost entirely to extraction of fluorescing 
materials present as such in the urine, not to ex- 
traction of eosin complexes. The method described 


1950 


\ 
{ 








Vol. 47 


below allows for this by including a blank prepared 
by extracting a second sample of urine with solvent 
mixture in the absence of eosin. 


Add to 0-1-4 ml. of urine 2 ml. of buffered eosin reagent 
and 12 ml. of solvent mixture. Shake for 3 min. and clarify 
the extract as described above. Let the fluorescence of the 
extract be equivalent to a wg. of Antrycide. Prepare a second 
extract by adding 2 ml. of saturated NaHCO, and 12 ml. of 
solvent mixture to the same volume of urine, and treating 
as the earlier sample. If the fluorescence of this blank is 
equivalent to b yg. of Antrycide, the amount of Antrycide 
in the urine is (a —b) yg. It is particularly important to use 
a visual filter (e.g. PC9), letting little or no light pass below 
500 mu. as the blank fluorescence is mainly in this range; 
a and 6 are usually identical in normal rabbit urine. Re- 
coveries from urine are shown in Table 3. 


Table 3. Recovery of Antrycide from urine by 
the indirect fluorimetric method 


Added Found Recovery 
(ug.) (ug.) (%) 
0-04 0-042 105 
0-06 0-062 103 
0-10 0-097 97 
0-14 0-150 107 
0-20 0-187 93 
0-20 0-215 107 
0-40 0-403 101 

Mean 102 


Specificity of the method 


The specificity of the indirect fluorimetric method 
was examined by extracting 10 pg. of various com- 
pounds and 2 ml. of buffered eosin reagent with 12 ml. 
of solvent mixture. The fluorescence of the extract 
was read against Antrycide standards and expressed 
in terms of yg. of Antrycide. The results are shown 
in Table 4. 

DISCUSSION 


The unexpectedly high degree of specificity of the 
indirect fluorimetric method, particularly as regards 
compounds as closely related to Antrycide as the 
corresponding quinolone and pyridone, and a possible 
hydrolysis product, 4:6-diaminoquinaldine metho- 
chloride, suggests that the method might dis- 
criminate between Antrycide and its metabolites. 
No rigid appraisal of this aspect of specificity has 
been made, although it has been shown that direct 
and indirect fluorimetric methods give results of 
the same order when plasma of dosed animals is 
analysed. The specificity of the method is partly con- 
ferred by the choice of experimental conditions. For 
example, the use of higher concentrations of eosin in- 
creased the reaction of dextro-tubocurarine chloride. 

Experience with the method in the analysis of 
plasma has shown that it is not yet sensitive enough 
to measure suppressive concentrations of Antrycide. 
Thus, after the administration of 5 mg. of Antrycide 
chloride/kg. subcutaneously to rabbits the plasma 
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concentration had fallen so low after 24 hr. that it 
could not be accurately measured. In calves the 
same dose gave a maximum level of not more than 
40 yg./l., which was only just measurable. Since 
Antrycide chloride given in these amounts exerts a 
well defined prophylactic action for many months, it 
follows that the suppressive level must be extremely 
small, probably below 1 yg./l., and therefore outside 
the range of any method of determination so far 


Table 4. Specificity of indirect fluorimetric method 


(The reactivity of 10 wg. of each of the bases is expressed 
as equivalent to that of x wg. of Antrycide.) 


Base x (pg.) 
Quinine 0-01 
‘ Paludrine’ 0-04 
Antrycide-4-quinolone 0-35* 
Antrycide-2’-pyridone 0-05* 
Antrycide-2’:4-dione 0-05* 
Antrycide-monoquaternary analogue 8-10 

(pyridine ring) 
Antrycide-monoquaternary analogue 6-30 
(quinoline ring) 

Mepacrine 2-007 
4:6-Diaminoquinaldine (DAQ) 1-307 
4:6-DAQ-methochloride 0-30 
dextro-Tubocurarine chloride 0-1 
‘Dimidium’ bromide 0-2 
‘Cetavlon’ 0-05 
N(CH,),Br 0 
N(C,H;),Br 0 
Choline bromide 0 
Emetine 0-02 
Strychnine 0 
Atropine 0 
Morphine 0 


* These compounds contain potential hydroxyl groups 
in place of amino groups in the positions indicated (see 
formula on p. 299). 

+ The fluorescence is probably due to extraction of bases 
or bicarbonates, not eosin complexes. 


devised. The obvious methods of improving sen- 
sitivity will be tried. These are a search for a protein 
precipitant which will permit the use of larger 
amounts of plasma in the indirect method, and 
further attempts to concentrate Antrycide by 
adsorption on ion-exchange columns. However, it 
is doubtful whether either technique, even if de- 
veloped to the utmost extent predictable at present, 
would result in more than a tenfold increase in 
sensitivity. The ultimate object, it is thought, should 
be the preparation of Antrycide containing radio- 
active carbon: for example, in one or both of the 
quaternary methyls. The limitation of low sensitivity 
applies only to plasma. Antrycide is localized in 
liver and kidney and can readily be detected in 
them, and in urine, for several weeks after admini 
stration. The method has also given valuable results 
in the examination of curative, as distinct from 
suppressive, plasma concentrations, and in the com- 
parison of different salts. The findings will be 
published elsewhere. 
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SUMMARY 


1. Antrycide has been determined by reaction 
with eosin to give a highly fluorescent salt which can 
be separated from excess eosin by extraction into a 
mixture of chloroform and butanol. 

2. The method measures down to 40 pg. of 
Antrycide/l. of plasma with satisfactory accuracy, 
and 20 pg./l. approximately. 

3. The method has a considerable degree of 
specificity, in that most other tertiary and quater- 
nary bases examined did not react. 
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4. It can be applied to tissues and urine as well as 
plasma. 

5. A less sensitive method suitable for plasma 
involves measuring the weak blue fluorescence of 
Antrycide itself. 

6. Two colorimetric methods, suitable only for 
aqueous solutions, are briefly described. 


The author is indebted to Mrs E. Powell, Mrs R. B. Horton 
and Mr A. M. Barlow for valuable technical assistance, and 
to Dr D. G. Davey and Dr J. Raventés for much helpful 
discussion. 


REFERENCES 


Auerbach, M. E. (1943). Industr. Engng Chem. (Anal. ed.), 
15, 492. 

Auerbach, M. E. & Eckert, H. W. (1944). J. biol. Chem. 154, 
597. 

Brodie, B. B. & Udenfriend, 8. (1943). J. Pharmacol. 78, 154. 

Brodie, B. B. & Udenfriend, S. (1945). J. biol. Chem. 158, 705. 

Brodie, B. B., Udenfriend, S. & Dill, W. (1947). J. biol. Chem. 
168, 335. 

Browning, C. H. & Gulbransen, R. (1934). J. Path. Bact. 
39, 75. 

Curd, F. H. 8. (1947). Private communication. 

Curd, F. H. 8. & Davey, D. G. (1949). Nature, Lond., 163, 
89. 


Curd, F. H. 8S. & Davey, D. G. (1950). Brit. J. Pharmacol. 5, 
25. 

Davey, D. G. (1947). Private communication. 

Gage, J. C., Rose, F. L. & Scott, M. (1948). Biochem. J. 42, 
574. 

King, E. J., Wootton, I. D. P. & Gilchrist, M. (1946). Lancet, 
1, 886. 

Marshall, P. B. & Rogers, E. W. (1945). Biochem. J. 39, 258. 

Prudhomme, R. O. (1938). Bull. Soc. Path. exot. 31, 929. 

Prudhomme, R. O. (1940). J. Pharm. Chim., Paris, (9), 1, 8. 

Spinks, A. (1949). Nature, Lond., 163, 954. 

Spinks, A. & Tottey, M. M. (1946). Ann. trop. Med. Parasit. 
40, 101. 


The Influence of Scurvy and Fall in Weight in Young Guinea Pigs 
on the Alkaline Phosphatase Content of the Serum 
and the Zones of Provisional Calcification 


By H. R. PERKINS anp S. 8S. ZILVA (Member of the Scientific Staff, Medical Research Council) 
Lister Institute, London, S.W. 1 


(Received 29 March 1950) 


Some years ago Robison and his collaborators 
(Robison, 1932), as a result of a series of brilliantly 
conceived and interpreted investigations, broke new 
ground by advancing some hypotheses on the 
function of phosphatases in the animal body, parti- 
cularly in the process of ossification. These contri- 
butions led to an extension of the field of inquiry, 
thus attracting the attention of the clinical patho- 
logist. In their pioneer work, Smith & Maizels (1932) 
and Smith (1933) found, amongst other observations, 
that the plasma phosphatase of infants and young 
children suffering from acute scurvy was low, and 
that the enzyme concentration in the plasma rose 
on treatment. Similar observations were made by 
Scoz, Cattaneo & Gabbrielli (1937), Todhunter & 
Brewer (1940) and Shwachman and Gould (Shwach- 
man, 1941; Gould & Shwachman, 1941, 1943; 
Shwachman & Gould, 1942) on young guinea pigs 


suffering from scurvy. Scurvy, however, is not the 
only condition responsible for a diminution in the 
phosphatase of the blood. The early experiments of 
Smith (1933) have already shown that several 
diseases associated with arrested growth, or with 
severe marasmus, such as coeliac disease, achondro- 
plasia and cretinism, also produce such a fall in the 
blood phosphatase. Similarly, in prolonged arrested 
growth and in loss of weight a striking drop in the 
serum phosphatase can be observed in young guinea 
pigs (Watkins & Zilva, unpublished results). 

In growing guinea pigs maintained on a scorbutic 
diet the development of scurvy and fall in weight 
overlap, and it is therefore not easy to ascertain with 
any degree of certainty whether the observed fall in 
serum phosphatase is due to one or other of these 
causes. Todhunter & Brewer (1940), in controlling 
their experiments, used the ‘paired-feeding tech- 
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nique’ in which the food intake was controlled but 
not the growth of the animals. In fact their experi- 
ments showed that the scorbutic animals lost con- 
siderably more weight than their paired mates, and 
consequently the diminution in the serum phos- 
phatase of the scorbutic animals might have been 
traced to either of the above-mentioned causes. Nor 
did Scoz et al. or Shwachman and Gould take the 
change in weight of the experimental animals into 
consideration. The object of the present investi- 
gation was to ascertain beyond doubt whether scurvy 
per se is responsible for the fall of the phosphatase 
jn the serum and in the zones of provisional calcifi- 
cation of the costochondral junctions and the 
proximal ends of the tibiae of growing guinea pigs 
and, if so, to what extent the almost simultaneous 
cessation of growth and the loss in weight influence 
this change in the enzyme activity of the tissues in 
question. As might be expected in an inquiry of 
this nature, indications of other phenomena were 
obtained which went beyond the original object of 
the work and which call for further investigation. 


METHODS 


Experimental animals and diet. The growing guinea pigs 


- employed in this investigation were about 6-8 weeks old, 


ranging in weight from 280 to 330 g. The individual groups 
were arranged so that the average weight was usually about 
300 g. The weight of the adult guinea pigs ranged from 700 
to 900 g. The vitamin C-deficient diet was that described by 
Penney & Zilva (1946). The mixed diet consisted of one part 
of oats and two parts of bran by volume, with cabbage and 
water ad lib. Only young animals which showed normal 
growth during a preliminary period of 7 days preceding the 
experiment were employed. On our scorbutic diet some of 
the growing guinea pigs showed macroscopic lesions such as 
petechiae after about 11 or 12 days. After 15 days on the 
diet marked haemorrhages were found in most animals and 
death from scurvy occurred after about 25 days. The animals 
consumed the scorbutic diet fairly readily even from the 
first day, although there was often little increase in weight 
during the first day or two. This was probably due to the 
disappearance from the caecum of the cabbage consumed 
during the preliminary period and not to a genuine stoppage 
of growth which could bring about a fall in the tissue phos- 
phatase. 

In order to induce a desired drop in weight within a certain 
time the animals were weighed daily and the quantity of the 
basal diet offered on any particular day was determined by 
the loss in weight incurred during the preceding 24 hr. 

Preparation of tissues. The guinea pigs were killed by 
stunning and bleeding. The blood, which was collected in 
test tubes of about 25 mm. diameter, was allowed to clot at 
room temperature for about 3 hr. After loosening the clot 
with a glass rod the contents of the tubes were maintained 
at 3° overnight. The serum was then decanted from the clot 
and centrifuged. Phosphatase determinations were carried 
out on the cell-free serum, when possible the same day. 
When it was not possible to do so the serum was stored at 
- 20°, never longer than 14 days, during which time the 
enzyme was found by us not to deteriorate. 
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After post-mortem examination all the necessary bones 
were thoroughly freed of adhering tissue. In the case of the 
costochondral junctions pieces consisting of 1 mm. of the 
cartilage and of the bone on each side of the junctions of all 
the ribs were removed and pooled together for extraction. 
Although experiments with mixed diet animals have shown 
little variation in the phosphatase content from rib to rib, it 
was considered that any change in the enzyme content 
which might occur from group to group would be indicated 
more accurately if the phosphatase value of the pooled rib 
junctions of each animal were obtained. The epiphyses with 
the adjoining epiphyseal cartilage from the proximal end of 
both tibiae, which will be referred to in this communication 
as the epiphyses, were similarly pooled. We found that the 
water content and ash of the above tissues did not change 
significantly during the development of scurvy or after a fall 
in weight produced by a quantitative restriction of the basal 
diet. The enzyme from the costochondral junctions and the 
epiphyseal tissues was always extracted with the following 
convenient volumes of CHCI,-saturated water, 40 times the 
mass of the former and 20 times that of the latter. The 
extraction was carried out by allowing the bones to stand in 
the CHCl,-saturated water overnight at 3°, grinding the 
tissues with phosphate-free silver sand, returning them to 
the CHCl,-water and continuing the extraction at 3° for 
another 24 hr. After centrifugation, the supernatant liquid 
was used for the determination of phosphatase. It may be 
mentioned that Gould & Shwachman (1941) utilized, apart 
from the proliferating cartilage, much more than we did of 
the adjoining tissues which must have contained lower and 
probably more variable amounts of the enzyme than the 
very active ossification centres. 

In the extraction of the soft tissues the following quan- 
tities of CHCl,-saturated water were used: liver, 1 ml./g.; 
kidney, 4 ml./g.; large intestine, 4 ml./g. and small intestine, 
15 ml./g. The entire organs (the contents of the intestines 
being completely washed out with saline and the tissues 
dried with filter paper) were thoroughly ground with phos- 
phate-free silver sand, centrifuged and the enzyme deter- 
mined in the resulting supernatant extract. 

Determination of phosphatase activity. The substrate used 
was sodium f-glycerophosphate, and the hydrolysis was 
carried out according to the method of Shinowara, Jones & 
Reinhart (1942). In all determinations the pH of thesubstrate 
was adjusted so that the reaction took place at pH. 9-3. When 
the activating effect of Mg was determined, a MgCl, solution 
was added to the stock substrate so that its final concen- 
tration in the reaction mixture was 0-009M. In the case of 
the serum, owing to the higher pH to which the substrate 
had to be brought (pH 10-9) in order to achieve the final 
pH 9-3, the MgCl, solution had to be added directly to the 
reaction mixture in order to prevent precipitation of 
Mg(OH),. The determination of inorganic phosphate present 
before and after incubation at 37° was carried out by the 
Briggs method, as modified by Martland & Robison (1926). 
A photoelectric colorimeter was employed. The phosphatase 
activity was expressed in terms of mg. P liberated as ortho- 
phosphate from the substrate in 1 hr. under the above 
experimental conditions, in the case of the serum by 100 ml. 
and in that of the bones, liver, kidneys and intestine by 1 g. 
of wet tissue. All phosphatase determinations in the serum 
and the bones were carried out in the presence and in the 
absence of added Mg. The results throughout were found to 
be parallel, the addition of Mg increasing the phosphatase 


20-2 





308 


activity by about 30% in the serum and about 70% in the 
bones. We are therefore omitting the Mg figures. 

Determination of L-ascorbic acid. For the preparation of 
the trichloroacetic acid extracts see Penney & Zilva (1946). 
Roe & Kuether’s (1943) 2:4-dinitrophenylhydrazine method 
was used for the L-ascorbic acid determination. 


RESULTS 


Change in the phosphatase content of certain 
tissues during the development of scurvy in 
growing guinea pigs 
These changes were investigated in the serum, the 
costochondral junctions and the epiphyses. Groups 
of animals maintained for 10, 15, 18 and 21 days on 
the scorbutic diet, offered ad lib., were investigated 
for the phosphatase content of all the three tissues. 
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Fig. 1. The phosphatase content of the serum, costochondral 
junctions and epiphyses of growing guinea pigs on scor- 
butic diet. Percentage of initial body weight, @- - -@; 
phosphtase activity of serum, ©—®@; costochondral 
junctions, [-|—[-] and epiphyses, (\— /\. Twelve animals 
were used in each group. Standards of phosphatase 
activity in this and all subsequent Figures and Tables 

are given in the experimental section. 





In addition, groups of animals killed after 11, 12, 13 
and 14 days, respectively, were examined for the 
phosphatase content of their sera only. Owing to 
the marked individual variations in the phos- 
phatase contents of the tissues we found in pre- 
liminary experiments that when the phosphatase 
means of a particular group showed a standard 
deviation greater than 5-0 it was not reliable for 
comparison, a point to be borne in mind. We usually 
obtained standard deviations lower than this value 
when the groups consisted of not less than six 
animals, and we therefore employed this number of 
animals per group in subsequent experiments. In 
this set of experiments, however, owing to its pivotal 
character in the general investigation, the number of 
animals was increased to twelve per group. The 
results (Fig. 1) offer a detailed aspect of the phos- 
phatase content of the tissues in question at the 
various crucial stages of the development of scurvy 
up to the premortal phase. 


H. R. PERKINS AND S. S. ZILVA 





Ig50 


The first point to consider is that when a line is 
drawn approximately through the points repre- 
senting the average weights of the different groups 
we obtain a curve very similar to that given by 
guinea pigs of this age maintained on our scorbutic 
diet, namely the animals grow up to about 15 days 
and then their weights decline rapidly. Further- 
more, we may mention that the post-mortem lesions 
of the groups at the various times were characteristic 
of the development of scurvy in animals of such 
initial weight. Mild macroscopic lesions such as 
petechiae were first observed in the vicinity of the 
knee joints in a few of the animals of the group after 
11 days. The intensity of the haemorrhages and the 
number of animals affected in the group then in- 
creased with each day. After 15 days on the diet 
marked haemorrhages were found in most of the 
animals. The severity of the scorbutic signs then 
increased until the premortal phase. A typical 
picture of the development of scurvy is obtained 
from these composite results, and it may be safely 
inferred that in all probability the changes in the 
phosphatase content of the bones were equally repre- 
sentative. 

It is evident that a striking drop in the average 
phosphatase concentration of the serum took place 
between the eleventh and twelfth days when the first 
macroscopic signs of scurvy began to appear in some 
of the animals of these groups, but when, it must be 
noted, all the animals were nevertheless growing 
well. This decline in the serum phosphatase concen- 
tration continued until the premortal phase was 
reached. The freely drawn lines in the figure between 
points obtained in the bone analyses may be at first 
somewhat misleading and need comment. In the 
ease of the costochondral junctions the difference 
between the points obtained after 10 and 15 days is 
not statistically significant by Student’s ¢ test ; nor is 
the difference between the points at the beginning 
of the experiment, and after 10 and 15 days statisti- 
cally significant in the case of the epiphyses. In both 
the bone tissues, unlike in the serum, the statistically 
significant decline in the phosphatase content began 
more or less simultaneously with the fall in weight in 
the respective groups and then, as in the serum, it 
became rapid. The phosphatase value for costo- 
chondral junction after 21 days does not indicate a 
true slowing down in the fall of the enzyme content 
in scurvy at the premortal phase, because it was not 
found to be reproducible in subsequent experi- 
ments. 

Gould & Shwachman (1941), by comparing the 
phosphatase contents of the serum, the costochon- 
dral junctions and the tibia of guinea pigs main- 
tained on a scorbutic diet for 21 days with those of 
animals receiving a ‘vegetable diet’, concluded that 
‘the fall in bone phosphatase activity parallels the 
fall in serum phosphatase activity’. Our results 
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show that such parallelism does not exist, since the 
serum phosphatase began to fall several days before 
that of the bones, and we are of the opinion that had 
Gould & Shwachman investigated the intermediate 
stages in the development of scurvy they would have 
arrived at a conclusion similar to ours. 


The influence of change of weight on the phos- 
phatase content of certain tissues of young 
guinea pigs 


This problem was investigated in three sets of 
experiments. 

(1) Inone set the phosphatase content of the three 
tissues previously investigated was established in 
one group of guinea pigs which subsisted on a 
restricted scorbutic diet supplemented with a daily 
dose of 25 mg. L-ascorbic acid, so that a drop in 
weight of about 20% was accomplished in 9 days. 
Another group was similarly restricted for 9 days, 
but offered a mixed diet ad lib. for a further 6 days, 
and a third group after maintenance for 9 days on 
restricted diet was offered a mixed diet ad lib. for 
12 days (Fig. 2). 
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Fig. 2. The phosphatase content of the serum, costochondral 
junctions and epiphyses of young guinea pigs after a fall 
in weight during the first 9 days induced by quantitative 
restriction of the diet, and a subsequent resumption of 
growth caused by the consumption of a mixed diet with 
cabbage ad lib. These animals received a daily dose of 
25 mg. of L-ascorbic acid in addition to the scorbutic diet 
during the first 9 days. Percentage of initial body weight, 
@ --- @; phosphatase activity of serum, ©—®@; costo- 
chondral junctions, [-]—[-] and epiphyses, A—/\. Six 
animals were used in each group. 


(2) All groups in this set were maintained on a 
scorbutic diet without any supplement of vitamin C, 
and were restricted in their food intake in the first 
place for 9 days, so that a loss in weight of about 
23% was incurred, after which time the basal diet 
was offered ad lib. to the remaining groups. The 
following groups were investigated in this set of 
experiments: after 9 days restriction only, and after 
9 days restriction followed by 6, 9 and 12 days, 
respectively, on scorbutic diet ad lib., i.e. after 15, 18 
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and 21 days from the beginning of the experiment 
(Fig. 3). 

(3) All the animals in this set were maintained on 
the scorbutic diet which was supplemented with a 
daily dose of 25 mg. L-ascorbic acid. The daily intake 
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Fig. 3. The phosphatase content of the serum, costochondral 
junctions and epiphyses of young guinea pigs on a scor- 
butic diet without a supplement of L-ascorbic acid after 
a fall in weight during the first 9 days induced by quan- 
titative restriction of the diet, and subsequent resumption 
of growth caused by ad lib. consumption of the diet. 
Percentage of initial body weight, @ - - - @ ; phosphatase 
activity of serum, @©—®@; costochondral junctions, 
[J—E) and epiphyses, (\—/\. Six animals were used in 
each group. 

















an 
<= 

ee 

-_ 4 
as = 
te ~ 
a v0 
oy $ 
a & 2 
eo ¢ = 
s 0 os 
s= - 
a. os 
=. 3 
8 2 z 
= s 
c 

Vv 

Vv 

© 

. 5 ~~ © io 2 


Time on diet (days) 


Fig. 4. The phosphatase content of the serum, costochondral 
junctions and epiphyses of young guinea pigs on a scor- 
butic diet after a fall in weight during the first 9 days 
induced by quantitative restriction of the diet. The 
growth was subsequently maintained on a level similar to 
that which prevailed among the animals portrayed in 
Fig. 3, by controlling the intake of the basal diet. 25 mg. 
of L-ascorbic acid was administered daily throughout this 
experiment. Percentage of initial body weight, @ - - - @; 
phosphatase activity of serum, ©—@; costochondral 
junctions, []—[] and epiphyses, A\W—/\. Six animals 
were used in each group. 





of food was, however, regulated in such a way that the 
weights of the respective groups investigated at the 
various times were similar to those in the preceding 
set, the main difference being that all the animals in 
the third set (Fig. 4) were protected from scurvy. 
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From Fig. 2 it will be seen that after a drop in 
weight of 20 % in 9 days the phosphatase fell by 58, 
53 and 50% in the serum, costochondral junctions 
and epiphyses respectively. On offering a mixed 
diet ad lib. at this stage the animals resumed rapid 
growth, attaining approximately their original 
weight after 6 days, and continued their growth at 
a considerable rate even after that time. The phos- 
phatase values, on the other hand, had already 
reached the normal figures after 6 days on the mixed 
diet ad lib., with the exception of the costochondral 
junctions (¢=3-82, P<0-01). After 12 days on 
this diet no differentiation from the normal could 
be found in any of the tissues (serum, t=0-62, 
P =0-5-0-6; costochondral junctions, ¢= 1-72, 
P=0-1-0-2; epiphyses, t=0-87, P=0-4-0-5). The 
maximum phosphatase was thus reached within a 
very few days after resumption of growth when the 
growth was rapid. 

When the development of scurvy was not pre- 
vented by the administration of L-ascorbic acid the 
resumption of growth after 9 days on a restricted 
diet followed a different course. For example, in the 
second set of experiments (Fig. 3), the groups of 
animals, which owing to restriction of diet had lost 
about 23% of their original weight in 9 days, 
offered the scorbutic diet ad lib. resumed growth at 
a somewhat slower rate than in the preceding set 
and after 9 days reached the maximum, which was 
followed by a fall in weight. This fall was due to the 
onset of scurvy. In this set of experiments the 23 % 
fall in weight after 9 days’ restriction brought about 
a fall in the phosphatase contents as follows: serum, 
42 %; costochondral junctions, 41 %; and epiphyses, 
27%. After 6 days of growth on the unrestricted 
basal diet ad lib. no significant difference in the phos- 
phatase contents of these three tissues was observed 
in the second group of guinea pigs (serum, ¢= 0-88, 
P=0-3-0-4; costochondral junctions, t¢=2-11, 
P=0-05-0-1; epiphyses, t= 0-51, P = 0-6-0-7). After 
9 days, when the animals reached their maximum 
weight, there was a significant fall in the serum value 
(t= 2-83, P=0-01—0-02), but no change in the values 
of the other two tissues. After 12 days on the basal 
diet ad lib. the serum and both the bone phosphatase 
figures were significantly lower than the maximum 
values reached after the end of the restricted period 
(serum, t= 6-90, P<0-01; costochondral junctions, 
t= 4-46, P< 0-01; epiphyses, t= 2-64, P= 0-01-0-02). 

If the general trends of the fall in weight and in 
phosphatase values in this set of experiments are 
compared with those observed in the normal develop- 
ment on a scorbutic diet (Fig. 1) it is seen that they 
are similar, except that all these falls were delayed 
for a few days. It was therefore interesting to find 
that the scorbutic lesions observed at autopsy were 
similarly delayed. Thus the degrees of scurvy found 
at 15 and 21 days, respectively, on the scorbutic diet 
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in this set of experiments were equivalent to those 
observed at 11 and 15 days in the experiments of the 
preceding section. In this connexion it may be 
mentioned that although the onset and development 
of scurvy, the fall in weight and the fall in the phos- 
phatase contents were delayed in the second set of 
experiments as compared with the animals which 
received the scorbutic diet ad lib. without previous 
restriction (cf. Fig. 1), the phosphatase contents of 
the tissues after 21 days in the two sets of experi- 
ments are not significantly different. 

In the third set of experiments (Fig. 4), the in- | 
fluence of scurvy was eliminated and consequently | 
any change in the phosphatase contents of the 
tissues was entirely due to changes in growth such as 
occurred in the animals of the second set. The 
striking fact that emerges from these experiments is 
that the guinea pigs, unlike those which were not 
protected from scurvy, did not show any fall what- 
soever in the serum phosphatase content below that 
observed after 9 days, not even after 21 days. In 
fact, there was a significant rise after 15 days when 
resumed growth was still in progress (¢=2-45, 
P=0-02-0-05). Nor was there such a fall in the 
phosphatase content in either of the bones after 
21 days, in spite of the fact that there was a drop in 
weight of the animals in this group after 17 days. It 
may therefore be concluded that the diminution in 
the phosphatase content observed in the second set 
of experiments was due to the development of scurvy 
and not to the fall of weight. 





The influence of scurvy and change of weight on 
the phosphatase content of certain tissues 
in adult guinea pigs 

In the preceding experiments young growing | 
guinea pigs in which the osteoblastic activity was 
high were employed. In fully grown animals, in 
which erosion and redeposition of the calcified areas 
are more or less in equilibrium, this activity is very 
much diminished. It was therefore of interest to 
investigate the phosphatase content in the three 
tissues in adult guinea pigs: (1) maintained on a 
scorbutie diet; (2) maintained on a scorbutic diet 
with a dose of 25mg. L-ascorbie acid daily, but 
restricted in their food intake so as to produce in 
25 days a fall of about 20 % of the original weight; 
and (3) maintained on the same diet for 20 days, 
restricted in their food intake so as to bring about a 
similar fall in weight during this time, and then } 
offered a mixed diet ad lib. for a further 5 days in 
order to induce growth. The results are represented 
graphically in Fig. 5. The serum, costochondral 
junctions and the tibiae (parts of the bones identical 
with those of the growing guinea pigs were taken for 
analysis) from two groups of animals, which had 
subsisted on the scorbutie diet for 23 and 28 days 
respectively, were analysed for their phosphatase 
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content. In an additional group the serum only was 
analysed after 10 days on the scorbutic diet. In the 
other two experiments all the tissues were analysed 
after 25 days. It is seen that there was a significant 
drop after 23 and 28 days in the phosphatase content 


8 


Percentage of initial body weight 


Phosphatase activity (mg. P liberated/hr.) 


Se] 
o 


80 





Time on diet (days) 


Fig. 5. The phosphatase content of the serum, costochondral 
junctions and epiphyses of adult guinea pigs on scorbutic 
and quantitatively restricted diets. I, scorbutic diet ad 
lib. II, quantitatively restricted scorbutic diet, with 
25 mg. of L-ascorbic acid daily. III, quantitatively re- 
stricted scorbutic diet with 25 mg. of L-ascorbic acid daily 
for 20 days and then a mixed diet with cabbage ad lib. for 
a further 5 days. Average weights of respective groups 
when sacrificed, @ - - - @; the interrupted line in IT and 
III represents the trend of the daily average weights of the 
animals in these groups. Phosphatase activity of serum, 
©—©,; costochondral junctions, [-]—[-] and epiphyses, 

/\—/\. Six animals were used in each group. 





of the serum, but not of the bones, in the groups 
maintained on the scorbutic diet (23 days, serum, 
t=3-90, P<0-01. 28 days, serum, t= 3-74, P<0-01; 
costochondral junctions ¢= 1-69, P = 0-1—0-2; tibiae, 
i=0-67, P=0-5-—0-6). In both these groups all the 
animals showed small haemorrhages in the region of 
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the knee joints and in most of the costochondral 
junctions. On the other hand, in the animals pro- 
tected from scurvy but maintained on the restricted 
scorbutic diet there was not any significant fall 
in the phosphatase content of the serum or the 
tibia. The phosphatase values of the costochondral 
junctions, however, both in the group which was 
restricted for 25 days and in the one which was 
restricted for 20 days and then allowed to grow 
freely for 5 days, were significantly lower than the 
corresponding values of the animals on the mixed 
diet (first group, t= 2-42, P=0-02-0-05; second 
group, t= 2-27, P=0-02—0-05). Whether this fall has 
any physiological significance is not easy to judge 
from this limited number of experiments. It is, 
however, clear that in the bones of these adult 
animals in which the osteoblastic activity was low, 
scurvy did not change the phosphatase content 
significantly, whilst in the serum it was responsible 
for a definite diminution in the phosphatase concen- 
tration. This fall was, however, very much smaller 
than that observed in the case of young animals. 


The phosphatase activity of some tissues of growing 
guinea pigs not saturated with L-ascorbic acid 


For the complete understanding of the preceding 
experiments it was necessary to establish the effect 
of the degree of saturation with L-ascorbic acid on 
the phosphatase content of the tissues of growing 
guinea pigs fully protected from scurvy. A daily 
dose of 2 mg. L-ascorbic acid to growing guinea pigs 
on the scorbutic diet protects these animals from 
macroscopic, and in all probability also from micro- 
scopic, lesions of scurvy, although the L-ascorbic 
acid content of the tissues of such animals is of a 
very low order. On the other hand, the daily 
administration of 25 mg. of L-ascorbic acid ensures 
the utmost concentration in the tissues of the 
animals. Two groups of animals receiving the 
scorbutic diet and a daily dose of 2 and 25mg. 
L-ascorbie acid, respectively, were therefore main- 
tained for 29 days. The average weight of the former 
group rose from 276 to 370 g. (34 %) and of the latter 
from 278 to 365g. (31%). It will be seen from 
Table 1 that the phosphatase contents of the three 


Table 1. The phosphatase content of the tissues of growing guinea pigs not saturated with L-ascorbic acid 


(For standards of activity see section on Methods) 


No. of 


animals 
12 Mixed diet 


Diet 


6 Scorbutic diet + 25 mg. L-ascorbic acid daily 
for 29 days 

6 Scorbutie diet +2 mg. L-ascorbie acid daily 
for 29 days 


Costochondral 
Serum junctions Epiphyses 
(mg. P liberated/ (mg. P liberated/ (mg. P liberated/ 


100 ml./hr.) g. tissue/hr.) g. tissue/hr.) 
Mean 15-9 18-2 12-0 
S.D. 43 4-4 4-6 
Mean 16-9 17-2 12-4 
S.D. 3-1 3-0 1-5 
Mean 19-4 15-7 11-1 
S.D. 3-0 2-7 3-2 
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tissues in the unsaturated guinea pigs did not differ 
significantly from those of the fully saturated groups 
maintained either on the basal diet and a daily dose 
of 25 mg. of L-ascorbic acid or on a mixed diet with 
cabbage ad lib. The concentrations of the phos- 
phatase in the above tissues is therefore not in- 
fluenced by high concentrations of L-ascorbic acid 
in the tissues of the animals. 





The influence of the L-ascorbic acid content of the 
diet of growing guinea pigs on the phosphatase 
content of some of the tissues after 10 days 
on a scorbutic diet 


One of us (Zilva, 1936) has shown that when 
growing guinea pigs received a daily dose of 2-3 mg. 
of L-ascorbic acid for 10 days and were then deprived 
of the vitamin, they succumbed to scurvy after a 
period of time similar to that observed with animals 
which were previously maintained on a mixed diet 
with cabbage ad lib., namely 27-33 days. Smaller 
daily doses of L-ascorbic acid during the preliminary 
10 days brought about earlier death from scurvy. 
The scorbutic diet in these experiments was similar 
to that employed in this investigation with the 
exception that the milk prepared from a dry powder 
was inactivated by aeration of a hot solution of the 
reconstituted milk. During the war it was observed 
that this treatment was not sufficient to inactivate 
to the usual extent the milk from a commercial 
powder then supplied (cf. Penney & Zilva, 1945), and 
in consequence since then recourse was had in this 
laboratory to the use of copper as a catalyst. This 
treatment of the reconstituted milk brought about 
a somewhat more drastic inactivation, and in con- 
sequence the experimental animals succumbed on 
the basal diet after 22-29 days instead of 27-33 days; 
it was further found that a preliminary daily 
administration of 2 mg. of L-ascorbic acid was some- 
times inadequate to prevent animals from suc- 
cumbing te scurvy rather earlier than when a mixed 
diet with cabbage ad lib. was offered in the pre- 
experimental period. By trial and error it was found 
that this difference could be offset in the new diet 
by the administration of a daily dose of 0-05 mg. 
L-ascorbie acid during the experimental period on 
the scorbutic diet. 

Preliminary experiments showed that the in- 
fluence of the L-ascorbie acid content of the diet, 
preceding the 10 days of vitamin C deprivation, on 
the phosphatase content of serum, costochondral 
junctions and epiphyses was not always in con- 
sonance with that exercised on the time taken for 
the experimental animals to succumb to scurvy. 
Thus guinea pigs which received certain doses of 
L-ascorbic acid during the pre-experimental period 
and which behaved in their development of scurvy 
in a way identical with that of animals which 
previously existed on a mixed diet, nevertheless 
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differed sometimes from the latter guinea pigs in 
their phosphatase content after 10 days on a 
scorbutic diet containing reconstituted milk in- 
activated by copper catalysis. 

In order to obtain a clear picture of this problem 
it was decided to investigate animals on the present 
scorbutic diet alone and on the scorbutic diet with 
an addition of 0-05 mg. of L-ascorbic acid daily. The 
results are incorporated in Tables 2 and 3. It will 
be seen that the animals which received 2 mg. L- 
ascorbic acid in the pre-experimental period (group 
B) and which, as already mentioned, succumb to 
scurvy earlier than those (group A) which received 
a mixed diet and cabbage ad lib. previous to being 
placed on the scorbutic diet, showed, after 10 days | 
on the scorbutic diet, a significantly lower phos- | 
phatase content in all the three tissues than the 
animals in group A. At the same time it will be 
noted that, as might have been expected, the former 
group showed haemorrhages at the post-mortem 
examination. When 10, 15 and 25 mg. of L-ascorbic 
acid respectively were given during the pre-experi- 
mental period (groups C, D and E£) the phosphatase 
content rose significantly in the serum and the 
epiphyses but not in the costochondral junctions. 
All these figures were nevertheless lower than those 
obtained in group A, in spite of the fact that no 
scorbutic lesions were found at the post-mortem 
examination and that the time taken by such 
animals to succumb to scurvy was the same as if 
they had received a mixed diet with cabbage ad lib. 
in the pre-experimental period. Doses above 10 mg. 
L-ascorbic acid in the preliminary period did not 
further increase the phosphatase content after 10 
days on a scorbutic diet. 

When, however, the present scorbutic diet was 
modified by the addition of a daily dose of 0-05 mg. 
L-ascorbic acid, so as to simulate the prewar scor- 
butic diet used in this laboratory, the phosphatase 
contents of the three tissues of the animals which 
received 10mg. L-ascorbic acid daily in the pre- 
experimental period (group C’) reached the same 
values as those obtained with group A; with 2 mg. 
L-ascorbic acid during the preliminary period, the 
administration of 0-05 mg. daily in the experimental 
period (group B’) raised the phosphatase content in 
the epiphyses only, and then not to the same value 
as in group A. It will be noted that in this group 
macroscopic signs of scurvy were found at autopsy. 
This may not always occur, since 2 mg. L-ascorbic 
acid in the pre-experimental stage under these con- 
ditions is a borderline dose. Unfortunately no inter- 
mediate doses in the pre-experimental period be- 
tween 2 and 10 mg. were tried. It is, however, 
striking that the consumption of a very small 
quantity such as 0-05 mg. L-ascorbie acid daily 
should exercise such an influence on the phosphatase 
content of all the three tissues after 10 days on the 
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scorbutic diet, whilst a dose of 25mg., which is 
capable of fully saturating the tissues of the animals 
during the pre-experimental period, should be unable 
to do so when the scorbutic diet did not contain such 
traces of the vitamin. This point requires further 
investigation. 





The phosphatase content of liver, kidney and 
intestine in scurvy 


As was seen in the preceding experiments the drop 
in the phosphatase concentration of the serum was 
almost synchronous with the first appearance of 
scorbutic lesions, whilst that of the bones did not 
fall to any significant extent until about 5 days later 
when the guinea pigs were also beginning to lose 
weight. Since the origin of the alkaline phosphatase 
of the serum in normal young guinea pigs is not 
reliably established, it was of interest to institute 
some exploratory experiments in order to ascertain 
the influence of the development of scurvy on the 
concentration of the enzyme in other tissues, parti- 
cularly whether disappearance of phosphatase in 
any of these tissues at the onset of scurvy ran parallel 
to that of the serum phosphatase. The kidney, the 
liver and the large and small intestines were ex- 
amined for this purpose, and the results are incor- 
porated in Table 4. After 15 days on the scorbutic 
diet, when the phosphatase concentration of the 
serum had dropped to about a half its original value 
(ef. Fig. 1), no significant fall had occurred in the 
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concentration or total amount of the kidney or liver 
phosphatase. After 21 days, in the premortal phase, 
when the scorbutic lesions were acute and the fall in 
weight of the animals was very great, a fall in the 
concentration and in the total content of the enzyme 
(t= 3-39, P<0-01; t=3-25, P<0-01) of the kidney 
only was observed. The large and small intestines 
were not analysed after 15 days, but these tissues 
did not show any fall in the phosphatase content 
even in the premortal phase. 

Our results are therefore in agreement with those 
obtained by Russell, Rouse & Read (1944), who 
found in addition that scurvy did not bring about a 
fall of phosphatase in the spleen, lungs and adrenals. 
These results indicate, therefore, that the early drop 
in the phosphatase concentration of the serum during 
the onset of scurvy in growing guinea pigs main- 
tained on a scorbutic diet is not reflected in these 
tissues, which are rich in phosphatase. 


The influence of the administration of L-ascorbic 
acid to scorbutic guinea pigs on the phosphatase 
content of some of their tissues 


In a preceding section results were given showing 
the influence of the development of scurvy on the 
phosphatase content of the serum, costochondral 
junctions and epiphyses of young guinea pigs (Fig. 1). 
In this section the immediate effect on these tissues 
of the administration of L-ascorbic acid to scorbutic 
guinea pigs is described. A dose of 25 mg. L-ascorbic 


Table 4. The phosphatase content of the liver, kidneys and intestine of guinea pigs on mixed and scorbutic diets 








Kidneys Liver 
ct ” . 
Phosphatase Phosphatase 
So SS 5 
No. of Wt. Per Whole No. of Wt. Per Whole 
Group Diet animals (g.) g- tissue animals (g.) g. tissue 
1 Mixed diet 10 Mean 2-58 2-33 5-96 6 Mean 14-9 0-31 4:53 
S.D. _ 0-75 1-76 $.D. —_ 0-08 1-29 
2 15 days scorbutic 6 Mean 2-64 2-05 5°35 6 Mean 13-5 0-28 3-70 
diet S.D. _ 0-54 1-47 S.D. —_ 0-06 0°73 
3 21 days scorbutic 8 Mean 2-76 1-27 3-51 8 Mean 11-6 0-34 3-84 
diet S.D. —_ 0-40 1-35 S.D. —_ 0-06 0-59 
Comparison of groups t 3°39*  3-25* t 0-85 1-40 
1 and 3 P <0-01 <0-01 F 0-4-0-5 0-1-0:2 
Large intestine Small intestine 
c SSS = 7 
Phosphatase Phosphatase 
oO 
No. of Wt. Per Whole No. of Wt. Per Whole 
Group Diet animals (g-) g- tissue animals (g-) g. tissue 
1 Mixed diet 4 Mean 8-9 1-57 13-7 4 Mean 8-8 9-07 80 
S.D. — 0-73 5°62 S.D. — 4-53 40 
3 21 days scorbutic 4 Mean 9-4 1-91 17-9 4 Mean 84 11-2 98 
diet $.D. — 0-36 3-28 S.D. — 6-0 58 
Comparison of groups t 0-84 1-29 t 0-58 0-51 
P 0-4-0-5 0-2-0:3 iP 05-06 0-6-0-7 


* Denotes a significant difference. 
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acid daily was administered orally to animals which 
had been maintained for 18 and 21 days respectively 
on the scorbutic diet. The effect of the cure was 
observed in groups of animals after 2 and 4 days in 
each case. Fig. 6 gives a graphical representation 
of these results as well as the trends of the average 
weights derived from the daily weighing of the 
animals in each group. The important point to be 
noted is that there was a striking increase in the 
phosphatase content of all the tissues examined, and 
this cannot be attributed to the rise in weight of the 
animals since the growth was insufficient to produce 
such an effect. Consequently the increase must be 
due to the amelioration of the scorbutic condition of 
the animals. 





Nw 
oO 


120 


= 
uw 


110 


_ 
Oo 


' Percentage of initial body weight 


“w 


Phosphatase activity (mg. P liberated/hr.) 


90 


oS 2 * 0.2 4 
Time (days) 


Fig. 6. The effect of daily curative doses of 25 mg. L-ascorbic 
acid on the phosphatase content of the serum, costo- 
chondral junctions and epiphyses of young scorbutic 
guinea pigs. I, after 18 days subsistence on the scorbutic 
diet; II, after 21 days subsistence on the scorbutic diet. 
Trend of the average daily weights of the animals, - - -; 
phosphatase activity of the serum, ©— © ; costochondral 
junctions, -]—[-] and epiphyses, A—/\. M.D., phos- 
phatase values obtained with animals maintained on a 
mixed diet with cabbage ad lib. Six animals were used in 
each group. 





The sharp increase in the enzyme content in all 
the tissues was already marked after 2 days, 
irrespective of whether the animals had been on the 
scorbutic diet for 18 days, when the syndrome of 
scurvy was fully developed, or for 21 days when the 
lesions in this premortal phase were very acute. 
The phosphatase contents of the bones, but not that 
of the serum, had after this short time of treatment 
reached values which were not significantly lower 
and were sometimes even significantly higher than 
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those of animals on a mixed diet with cabbage ad lib. 
(18-day group: serum, ¢=2-91, P<0-01, lower; 
costochondral junctions, t= 0-62, P=0-5—0-6; epi- 
physes, ¢= 1-98, P=0-05-0-1. 21-day group: serum, 
t= 5-46, P<0-01, lower; costochondral junctions, 

= 1-84, P=0-05—0-1; epiphyses, t= 2-36, P= 0-02— 
0-05, higher). These figures also indicate the possi- 
bility that the maximum values for the epiphyses 
are reached after 2 days’ treatment. The tissues of all 
the animals were found not to be fully saturated with 
L-ascorbic acid. Another point to be noted is that 
after 18 days on the basal diet the phosphatase con- 
tent of the epiphyses, observed after 4 days’ treat- 
ment with L-ascorbic acid, was significantly higher 
than that of animals on a mixed diet with cabbage 
ad lib. (t= 2-75, P<0-01). Similarly, after 21 days 
on the basal diet and 4 days’ administration of L- 
ascorbic acid this phenomenon was observed in the 
costochondral junctions (¢= 2-66, P= 0-01—0-02). At 
the post-mortem examination it was found that 
although all the haemorrhages were mostly dis- 
coloured even after 2 days’ treatment, vestiges of 
fresh haemorrhages were still present in almost all of 
the animals of this experiment. 

In order to ascertain whether the increase of L- 
ascorbic acid in the tissues caused by the admini- 
stration of the vitamin was responsible for the 
dramatic increase in the phosphatase content of the 
tissues the following experiment was performed. A 
group of six animals maintained for 18 days on a 
scorbutic diet were injected intraperitoneally with 
25 mg. L-ascorbic acid and sacrificed 18 hr. later, 
and their tissues examined for phosphatase content. 
With the possible exception of two animals in this 
group no change in the haemorrhages was evident 
to the naked eye. The phosphatase figures obtained 
were as follows: serum, 5-5; costochondral junctions, 
13-1; epiphyses, 13-2. When these figures are com- 
pared with the corresponding values of animals 
maintained for 18 days on a scorbutie diet (see 
Fig. 6) it is seen that they are not significantly 
higher (serum, t= 0-58, P=0-5—0-6; costochondral 
junctions, t= 2-11, P=0-05-—0-1; epiphyses, t= 2-06, 
P=0-05-0-1). Evidently the sharp increase in the 
phosphatase values observed above is not due to 
L-ascorbic acid per se, but to the therapeutic action 
of the vitamin. 

Gould & Shwachman (1941) tried the effect of the 
administration of L-ascorbic acid for varying periods 
to nine scorbutic guinea pigs. No details were given 
of the time the animals subsisted on the scorbutic 
diet preceding the cure and the daily doses of L- 
ascorbic acid offered to the animals also varied with 
each individual guinea pig. They observed an 
increase in the phosphatase content in the sera and 
tibiae of all the animals and in the ribs of only three 
guinea pigs. Owing to the limited number of animals 
employed by them, to the lack of experimental 
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details given and to the different procedure adopted 
by them in the estimation of phosphatase we are 
unable to compare their results with ours. 


DISCUSSION 


An incontrovertible chain of direct and indirect 
evidence has been produced in this investigation 
showing that the fall in the phosphatase content in 
the serum, and in the zones of provisional calcifi- 
cation of the costochondral junctions and the tibiae 
observed during the development of scurvy in 
growing guinea pigs is caused by the scorbutic 
lesions, although in the later stages the fall in weight 
of the experimental animals may be a contributing 
agent. After 12 days on the scorbutic diet, very soon 
after macroscopic haemorrhages first appeared in 
some of the animals of the groups, but when all the 
animals were showing uninterrupted growth, the 
phosphatase of the serum fell by about 30% of its 
original value. Furthermore, when growth was 
resumed after the restriction of the scorbutic diet 
for 9 days (Fig. 3) the phosphatase in the serum did 
not increase, as was the case in animals of similar 
growth receiving L-ascorbic acid (Fig. 4), but re- 
mained more or less constant for the succeeding 
6 days, after which time the rapid fall was resumed. 
Evidently the fall in the serum phosphatase between 
the ninth and the fifteenth days was in this case 
balanced by the increase in the serum phosphatase 
due to the growth produced by the temporary ex- 
cessive intake of food. The fall in the phosphatase 
content of the bones took place later than in the 
serum, between the eighteenth and twenty-first days 
on the scorbutic diet. This fall was not observed in 
scorbutic adult guinea pigs, probably because of the 
low osteoblastic activity of the bones; the serum of 
such animals, however, showed a definite diminution 
of the phosphatase concentration. The close relation- 
ship between the development of scurvy and the fall 
of phosphatase in the tissues is brought out in a 
striking fashion by the experiment in which the 
onset of the disease was delayed by a few days owing 
to the modification introduced by restricting growth 
during the first 9 days (Fig. 3). In this case the drop 
in the phosphatase content of the tissues was ac- 
cordingly delayed. 

Although the decrease in the phosphatase content 
of the bones always took place in the animals main- 
tained on the scorbutic diet at a time when they 
were beginning to lose weight, it is nevertheless 
evident that it was caused essentially by the scor- 
butic condition and not by the loss in weight. This 
is seen from the fact that a similar fall in weight did 
not cause a drop in phosphatase content in the 
tissues of the animals which received L-ascorbic acid 
(Fig. 4). Also when L-ascorbic acid was administered 
to guinea pigs after 18 and 21 days on a scorbutic 
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diet, the bone phosphatase rose very sharply to 
normal or even higher values after 2 days dosing 
only, while the weight of the animals hardly re- 
sponded to the administration of L-ascorbic acid 
during this time. Further evidence of the differ- 
ential behaviour of the phosphatase in these tissues 
caused by the fall in weight and by scurvy in growing 
guinea pigs is illustrated by the following facts. In 
the first place in scurvy the serum phosphatase fell 
to a much greater extent than did the phosphatase 
in the bones. Thus after 21 days on a scorbutic diet 
the serum phosphatase had fallen by as much as 
84% from the mixed diet value, whereas the costo- 
chondral junction phosphatase had fallen 52% and 
that of the epiphyses 49%. A similar relationship 
was maintained during the early stages of treatment 
with L-ascorbic acid (Figs. 1 and 6). On the other 
hand, after a fall in weight in the absence of scurvy, 
this relationship was not maintained since all the 
three tissues were affected to about the same extent. 
Thus after 9 days on a restricted scorbutic diet with 
25mg. L-ascorbic acid daily the results were as 
follows: fall in the phosphatase content of the 
serum 58 %, of the costochondral junctions 53 % and 
of the epiphyses 50% (Fig. 2). In other words, the 
phosphatase of the serum fell relatively to that of the 
bones to a much smaller extent than in the case of 
the scorbutic animals. 

The disappearance of the serum phosphatase 
during the development of scurvy requires further 
consideration. It would not be unreasonable to 
assume that as soon as early pathological changes 
occur the serum phosphatase begins to be trans- 
ported under stress to the tissues affected. Con- 
sidering that the diminution in the serum phos- 
phatase coincides closely with the macroscopic 
appearance of haemorrhages it is also probable that 
the tissues of the vascular system are the likely 
objective. If this assumption be correct and if the 
serum acts solely as a medium for transport of 
alkaline phosphatases originating in other tissues, 
it is surprising to find that the original concen- 
tration of the serum is not maintained by further 
supplies from the tissues in which the serum enzyme 
is supposed to originate and that a diminution in the 
phosphatase content of these tissues should not 
ensue. We have found that no such diminution took 
place, unless in quantities too small to be detected 
by our methods, in the bones, the liver, the intestine 
and the kidneys of the animals after subsisting for 
15 days on the basal diet. These observations, there- 
fore, if one excludes the improbable contingency 
that owing to damage these tissues are prevented 
from supplying phosphatase to the blood stream, 
militate against the conception that under normal 
conditions the greater part of the serum phos- 
phatase originates in one or several of these tissues 
and that the serum just mediates the transport of 
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the enzyme to other tissues. The present evidence 
does not even exclude the possibility that the serum 
phosphatase under normal conditions may be mainly 
of vascular origin and that it is removed from the 
circulation under stress due to certain incipient 
pathological changes. 

That L-ascorbic acid per se is not the regulating 
agent of the phosphatase content of the tissues is 
seen from the fact that 18 hr. after the intraperi- 
toneal injection of 25 mg. which completely saturates 
the tissues, no rise of the phosphatase content of the 
tissues of scorbutic animals was observed. Only after 
2 days’ oral consumption, when the therapeutic 
action of the L-ascorbic acid was in progress, was a 
striking rise in the content of the three tissues 
observed. The fact that guinea pigs which received 
a daily dose of 2 mg., i.e. animals which were pro- 
tected from scorbutic lesions, but whose tissues con- 
tained little L-ascorbic acid, showed normal phos- 
phatase content in the serum, costochondral 
junctions and the epiphyses, also supports this view. 

The speed with which the phosphatase content of 
the tissues rises after the administration of L- 
ascorbic acid to scorbutic guinea pigs is very striking. 
The values obtained with most of the bones, after 
dosage for 4 days, were higher than those obtained 
in guinea pigs maintained on a mixed diet with 
cabbage ad lib. It would be interesting to ascertain 
whether these raised values are capable of returning 
to normal on continuing the administration of L- 
ascorbic acid. It is also to be noted that the serum 
phosphatase, unlike that of the bones, did not reach 
normality after 2 days’ dosing. The serum phos- 
phatase therefore is the first of the phosphatases of 
the three tissues to fall during the development of 
scurvy and the last to reach its normal level after 
cure, which suggests again that it possibly fulfils 
some protective function and that it differs in this 
respect from the bone phosphatases. In the latter 
case the fall may be due to a disturbance in the 
function of the osteoblasts caused by local scorbutic 
lesions. It is therefore not surprising that in scor- 
butic adult guinea pigs the serum phosphatase is 
diminished as it is in the young guinea pigs, although 
to a less degree. The scorbutic lesions, however, 
could not have been expected to affect the phos- 
phatase content produced by the quiescent osteo- 
blasts of adult animals to a noticeable extent. 
Although it cannot be excluded that the fall in 
serum phosphatase in scurvy may also be due to 
damage in the tissue, the evidence so far available 
rather points to the probability that it is associated 
with a protective function. In this connexion it is 
of importance to note that the fall of phosphatase in 
these tissues incurred during loss of weight by young 
guinea pigs uncomplicated by scurvy does not in- 
dicate such differentiation between the serum and 
bone phosphatases. 
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It is assumed that all the changes in the phos- 
phatases were due to the enzyme proper and not to 
any activator or activators. The constant increase 
in the relative activity brought about by the addition 
of magnesium in all the experiments of this investi- 
gation strengthens this assumption. 


SUMMARY 


1. The serum phosphatase of young guinea pigs 
began to fall after the animals had subsisted on a 
scorbutice diet for 12 days, at a time when their 
growth was uninterrupted. The phosphatase content 
of the costochondral junctions and of the epiphysis 
of the tibia with the adjoining cartilage did not show 
any fall before 15-18 days. This latter fall was pro- 
bably brought about mainly by scorbutic lesions and 
not by loss in weight. 

2. The administration of a daily dose of 25 mg. 
L-ascorbic acid to scorbutic guinea pigs maintained 
for 18 or 21 days on the deficient diet raised the 
phosphatase content of the three tissues very 
rapidly. Two days’ treatment with L-ascorbie acid 
increased the phosphatase content of the bones, but 
not of the serum, to that of normal animals. Further 
2 days’ treatment brought the phosphatase content 
of the serum up to normal values and those of most 
of the bones to values above those obtained in guinea 
pigs subsisting on a mixed diet with cabbage ad lib. 

3. Maintenance of guinea pigs on a scorbutic diet 
supplemented with 2 mg. of L-ascorbic acid daily, 
a dose not sufficient to saturate the tissues, but just 
adequate to prevent the development of scorbutic 
lesions, caused no diminution in the tissue phos- 
phatase content. 

4, Guinea pigs receiving a scorbutic diet and daily 
doses as high as 25mg. L-ascorbic acid showed, 
10 days after the withdrawal of t-ascorbic acid, 
phosphatase values in the three tissues lower than 
those observed in animals which received cabbage ad 
lib. in the preliminary period. Yet the course of the 
development of scurvy in both cases was identical. 
The lower values thus obtained could be brought up 
to normal by the administration of a daily dose of 
only 0-05 mg. L-ascorbie acid during the 10 days’ 
existence on the scorbutic diet. 

5. The phosphatase content of the tissues was 
found not to be raised in scorbutic guinea pigs 18 hr. 
after the intraperitoneal injection of 25mg. L- 
ascorbic acid which causes saturation of the tissues. 
It is therefore not the direct regulating agent of the 
phosphatase content of the tissues. 

6. The existence of guinea pigs on a scorbutic diet 
for 15 days had no influence on the phosphatase 
content of the liver, intestine and kidneys. The latter 
showed a fall in the premortal phase. 

7. The fall in the phosphatase concentration of 
the serum of guinea pigs caused by a fall in weight of 
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the animals and not by scurvy was very much less 
marked than that observed in scorbutic guinea 
pigs. 

8. It is assumed that the fall of the phosphatase in 
the zones of provisional calcification of scorbutic 
guinea pigs may be due to a disturbance in the 
function of the osteoblasts caused by scorbutic 
lesions. The evidence so far obtained, however, makes 
it probable that the early diminution in the serum 
phosphatase is not due to a disturbance in the pro- 
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duction of the enzyme, as in the case of the bones, 
but rather to its removal from the circulation to 
fulfil some protective function. The evidence also 
does not exclude the possibility that the serum 
phosphatase of healthy animals is of vascular origin. 


We wish to thank Dr G. A. Snow and Dr J. R. Penney 
and Mr R. C. Watkins for help in some of the exploratory 
experiments of this investigation. One of us (H. R. P.) is 
indebted to the Medical Research Council for a whole-time 
grant. 
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Chemical Studies of Peripheral Nerve During Wallerian Degeneration 
2. LIPIDS AFTER NERVE CRUSH (AXONOTMESIS) 


By N. 8S. BURT, A. R. McNABB (National Research Council Fellow) anp R. J. ROSSITER 
Department of Biochemistry, University of Western Ontario, London, Canada 


(Received 28 February 1950) 


In a previous paper the changes that occur in the 
lipids of a peripheral nerve during Wallerian de- 
generation were described (Johnson, McNabb & 
Rossiter, 19496). The sciatic nerve was sectioned in 
a number of cats and the peripheral segment was 
allowed to degenerate. Special precautions were 
taken to minimize the possibility of re-innervation. 
In the experiments now to be reported the nerve was 
gently crushed, a procedure that causes the distal 
segment to undergo a series of changes similar to 
those of Wallerian degeneration. After a short latent 
period the degenerating nerve is then re-innervated 
by axon tips from the intact central stump. This 
type of lesion has been called axonotmesis by 
Seddon (1943) and must be distinguished from 
neurotmesis, the type of lesion previously investi- 
gated. 

The changes in the nerve are essentially those of 
Wallerian degeneration, upon which are super- 
imposed those of regeneration. Previous studies in 
this field have been for the most part either histo- 
logical or physiological. Excellent reviews are those 


of Howell & Huber (1892), Kirk & Lewis (1917), 
Ramon y Cajal (1928), Spielmeyer (1929), Nageotte 
(1932), Weiss (1944) and Young (1942, 1945, 1948). 
In few instances have the techniques of chemistry 
been employed. The most notable exceptions are the 
studies of Mott & Halliburton (1901), who measured 
the phosphorus content of regenerating cat nerves; 
and Abercrombie & Johnson (1947), who reported 
changes in the distribution of nitrogen, including 
collagen nitrogen, in regenerating rabbit nerves. 


METHODS 


The right sciatic nerve of thirty-eight adult cats was gently 
crushed at the level of the greater trochanter of the femur 
with a crushing clamp. This procedure interrupts the axons 
and the myelin sheaths, leaving the connective-tissue sheaths 
intact. The operation was performed under nembutal 
anaesthesia with full aseptic precautions. No attempt was 
made to control the age, sex, or weight of the animals. After 
periods of time varying from 16 to 144 days the animals 
were killed and the segment of the nerve distal to the site of 
the crush was removed. At the same time, a similar length 
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of left sciatic nerve was removed to serve as a control. Each 
nerve was cleaned of adherent fatty and epineurial con- 
nective tissue, weighed, and the lipids extracted and esti- 
mated as described previously (Johnson et al. 19496). The 
concentration of cerebroside (glycosphingoside), total and 
free cholesterol, total phospholipin, monoaminophospholipin 
(phosphoglyceride), lecithin (phosphatidyl choline), and 
neutral fat was determined in each nerve, and from these 
figures the concentration of ester cholesterol, sphingomyelin 
(phosphosphingoside), kephalin, myelin lipid and total lipid 
was calculated. Analyses were done in duplicate. Details 
of the analytical procedures, together with a discussion of 
their specificity and accuracy, are given in the previous paper 
by Johnson et al. (19495). 

The results for the regenerating nerves have been expressed 
in terms of the fresh weight of a similar length of the intact 
nerve from the opposite side. This is equivalent to expressing 
the results in terms of the fresh weight of the nerve before it 
had been crushed, i.e. at zero time. 

Except for neutral fat, the values given for the control 
nerves represent the pooled means for all the animals of this 
series, together with those of the degeneration series pre- 
viously published. The figures are thus derived from obser- 
vations made on sixty-eight different cats and give a good 
indication of the concentration of the lipids in normal cat 
nerve. 


RESULTS 


All the animals suffered a partial paralysis of the 
right hind limb, but despite this they were able to 
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move about with little apparent inconvenience. An 
animal kept alive for sufficient time would usually 
develop a trophic ulcer of the right foot. By 60 days, 
however, such an animal was able to walk on the 
toes of the affected leg, and the ulcer had begun to 
heal. After 80 days there was apparently a full return 
of function to the whole leg, and the ulcer had com- 
pletely healed. The muscles of the affected limb were 
greatly wasted. 

Table 1 gives the mean and the standard error of 
the mean for the concentration of each of the lipids 
in the control nerves and in the experimental nerves 
48 and 144 days after the operation. The table also 
gives the value of phosphorus obtained for each lipid 
in testing the significance of the difference between 
the means of the values for the control and experi- 
mental nerves. 

By 48 days the concentration of each of the lipids 
in the experimental nerves, with the exception of 
ester cholesterol and neutral fat, was considerably 
less than that of the corresponding lipid in the control 
nerves. By 144 days the concentration of each of 
these lipids had increased, but it was still signifi- 
cantly less than that in the control nerves. By this 
time ester cholesterol and neutral fat were the only 
lipids that were present in a concentration similar 
to that in the control nerves. 


Table 1. Lipids of cat sciatic nerve after nerve crush 


(Number of animals is stated in parentheses under each result. Results as mg./100 mg. wet weight of control nerve.) 


Control 
an, 
Mean S.E.M. 
Cerebroside (a) 2-12+0-08 
(66) 
Total cholesterol (6) 3-29+0-03 
(68) 
Free cholesterol (c) 3°26+0-03 
(68) 
Ester cholesterol (6 —c) 0-03+0-01 
(68) 
Total phospholipin (d) 6-03 + 0-05 
(66) 
Monoaminophospholipin (e) 3-71+0-07 
(66) 
Lecithin (f) 0-78 +0-02 
(66) 
Sphingomyelin (d.—e) 2-32+0-07 
(66) 
Kephalin (e -f) 2-93 +0-07 
(66) 
Myelin lipid (a +c +d —e) 7-69 40-13 
(64) 
Neutral fat (g) 8-91+40-35 
(36) 
Total lipid (a +b +d +g) 19-59 + 0-32 
(51) 


No. of days after crush 





c 








48 days 144 days 
——— \ t , \ 
Mean s.E.M. P Mean s.E.M. r 
0-57 +0°15 <0-01 0-78+0-16 <0-01 
(4) (5) 
1-70+0-17 <0-01 1-26+0-10 <0-01 
(4) (5) 
0-92+0-08 <0-01 1-22+0-10 <0-01 
(4) (5) 
0-78+0-10 <0-01 0-05+0-01 >0-4 
(4) (5) 
1-6340-09 <0-01 2-80+0-13 <0-01 
(4) (4) 
0-98+0-09 <0-01 1-45+0-07 <0-01 
(4) (4) 
0-49+0-03 <0-01 0-45 +0-03 <0-02 
(4) (4) 
0-65+.0-12 <0-01 1-35+0-05 <0-01 
(4) (4) 
0-47 +0-16 <0-01 1:00 + 0-06 <0-01 
(4) (4) 
2-17+0-24 <0-01 3-42+0-29 <0-01 
(4) (4) 
7-84+ 1-26 >0-4 10-33 £0-27 >0-1 
(3) (5) 
11-60+1-74 <0-01 15-40 40-53 <0-01 
(3) (4) 
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Fig. 1. Lipids of cat sciatic nerve after nerve crush (axonot- 

mesis). O—O, total lipid; x— x, neutral fat; @—@, 
myelin lipid; A—A, total phospholipin. Concentration 
of lipids is expressed as mg./100 mg. wet weight of control 
nerve. Each point represents the mean of figures for four 


or more animals. 
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Fig. 2. Cholesterol of cat sciatic nerve after nerve crush 
(axonotmesis). O—O, total cholesterol; x—x, free 
cholesterol; @—@, ester cholesterol. Concentration of 
cholesterol is expressed as mg./100 mg. wet weight of 
control nerve. Each point represents the mean of figures 
for four or more animals. 
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Fig. 1 shows that the concentration of total lipid 
decreased rapidly during the first 16 days, remained 
relatively constant during the period 16-48 days, 
and then increased slowly. In contrast, the concen- 
tration of myelin lipid and phospholipin decreased 
steadily during the first 64 days, changed little 
during the period 64-96 days, and then commenced 
to increase. Much of the increase in the concen- 
tration of total lipid 48 days after the operation 
was the result of an increase in the concentration of 
neutral fat. 
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Fig. 3. Percentage change in the concentration of lipids in 
cat sciatic nerve after nerve crush (axonotmesis). Above, 
non-myelin lipids; O—O, neutral fat; @—@® lecithin; 

x— x, total cholesterol; A—A, kephalin; A—A, wet 
weight. Below, myelin lipids; O—O, free cholesterol; 
A—A, cerebroside; @—@, sphingomyelin. Each point 
represents the mean of figures for four or more animals. 


Fig. 2 shows the changes in cholesterol. The con- 
centration of free cholesterol, which accounted for 
almost all of the cholesterol in the control nerves, 
decreased rapidly during the first 32 days, and by 
64 days had commenced to increase. The concen- 
tration of ester cholesterol, absent from control 
nerves, increased rapidly, reaching a maximum in 
32 days. The concentration of ester cholesterol then 
gradually decreased, until by 144 days the figures 
were not significantly different from those for the 
control nerves. : 

Fig. 3 (bottom) shows that the percentage change 
in the concentration of each of the myelin lipids, i.e. 
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free cholesterol, cerebroside and sphingomyelin, was 
similar throughout the whole 144-day period. On 
the other hand, the percentage change in the con- 
centration of the non-myelin lipids was different 
(Fig. 3, top). Total cholesterol and lecithin decreased 
less rapidly than the myelin lipid, while kephalin 
decreased more rapidly. 

Fig. 3 (top) also shows the percentage change in 
the wet weight of the crushed nerves. The wet weight 
rapidly increased after the operation, but the animal 
to animal variation was such that this increase was 
significant statistically (P< 0-05) only at 32 days. 


DISCUSSION 


When a peripheral nerve is crushed the segment 
distal to the site of the crush degenerates. The axon 
disintegrates and disappears, while the myelin 
sheath at first fragments and ultimately is destroyed. 
The Schwann cells proliferate and the nerve sheaths 
thicken to become Schwann tubes, which are able to 
receive a growing axon tip from the intact central 
stump. The degeneration is, in a sense, a preparation 
for regeneration. Most recent studies on nerve re- 
generation have confirmed the early views of Howell 
& Huber (1892) and Kirk & Lewis (1917) that 
myelination spreads down the nerve in a peripheral 
direction. The myelin sheaths of the fibres of a 
regenerated nerve appear similar to those of a 
normal nerve, and it is generally assumed that re- 
generated ‘myelin’ has the same chemical com- 
position as normal ‘myelin’. That the myelin 
sheaths are not similar in all respects is shown by the 
interesting finding of Vizoso & Young (1948) that, 
whereas in normal nerves the distance between the 
nodes of Ranvier is proportional to the diameter of 
the nerve fibre, in regenerated nerves the internodal 
distance tends to be constant. 

Previous studies from this laboratory have in- 
dicated that free cholesterol and the two lipids that 
contain the base sphingosine,* cerebroside and 
sphingomyelin, are the principal lipid components of 
the myelin sheath of a mammalian nerve fibre 
(Johnson, McNabb & Rossiter, 1948a, b; 1949a, b). 
We have called these lipids the ‘myelin lipids’ while 
Brante (1949), who has made a similar study, refers 
to them as being ‘sheath typical’. It in no way 
follows that these three are the only lipids contained 
in the myelin sheath, but they are the lipids present 
in the greatest concentration and those that dis- 
tinguish the myelin sheath from other parts of the 
nervous system. The myelin sheath may well contain 
some lecithin, but our analyses show that much 
lecithin is present in other non-myelin structures of 


* Carter, Haines, Ledyard & Norris (1947) have sug- 
gested that the sphingosine-containing lipids (e.g. cere- 
broside and sphingomyelin) be classified as sphingolipins, a 
term accepted by Folch-Pi & Sperry (1948). 
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the nervous system. Since, as Folch (1949) has 
shown, the kephalin of the nervous system is a 
mixture of at least three individual lipids (phos- 
phatidyl serine, phosphatidyl ethanolamine and 
brain diphosphoinositide), the exclusion of kephalin 
from the myelin lipids does not necessarily exclude 
any of the individual constituents of kephalin. 
Brante (1949) has published some data supporting 
the view that phosphatidyl serine is a myelin lipid, 
but the position of phosphatidyl ethanolamine and 
diphosphoinositide is not so clear. More data are 
required on these points. 

In a crushed peripheral nerve one would expect to 
find a decrease in the concentration of myelin lipid 
during the stage of degeneration, followed by an 
increase as the regenerating fibres become mye- 
linated and the myelination spreads down each fibre. 
For the first 32 days after the operation the changes 
in the concentration of the lipids were similar to 
those reported previously for sectioned nerves 
(Johnson et al. 19496). After 32 days, however, 
differences became apparent. Whereas the concen- 
tration of myelin lipid in the sectioned nerves con- 
tinued to fall during the period 32-96 days, the 
concentration of myelin lipid in the crushed nerves 
remained fairly constant during this period, and 
after 96 days it gradually increased. The individual 
myelin lipids, cerebroside, free cholesterol and 
sphingomyelin, followed a course similar to that of 
total myelin lipid. 

There can be little doubt that the gradual increase 
in the concentration of myelin and other lipids after 
96 days represents the formation of new myelin 
sheaths and other lipid-containing structures in the 
regenerating nerve. The analyses were done on the 
whole nerve, and the lipids measured represent not 
only those of the myelin sheath, but also those of the 
axon, Schwann cells, endoneurium, and perineurial 
connective tissue. Since the greater part of the non- 
triglyceride lipid of a peripheral nerve is in the 
myelin sheath, it is reasonable to interpret these 
changes in terms of degeneration and regeneration of 
‘myelin’, but the changes in other nerve structures 
must not be forgotten. 

Of interest is the appearance of cholesterol ester 
in both sectional and crushed nerves. Cholesterol 
ester is not usually present in either the central or 
the peripheral nervous system, but it appears during 
the demyelination process. After 96 days the con- 
centration of ester cholesterol in re-innervated 
nerves was less than that previously found for nerves 
in which there was no re-innervation (Johnson e¢ al. 
1949b). This would suggest that some of the chole- 
sterol ester hydrolyses to form free cholesterol, which 
is incorporated in the new myelin sheaths (Fig. 2). 

An outstanding feature of our results is that by 
144 days the concentration of myelin lipid in the 
crushed nerves was still much less than that in the 
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controls. Microscopic examination confirmed that 
the nerves had degenerated and subsequently had 
become re-innervated. By 80 days the myelination 
had spread throughout the whole nerve, and function 
appeared normal. No attempt was made to measure 
the rate of regeneration as was done by Gutmann, 
Guttmann, Medawar & Young (1942). Gutmann & 
Sanders (1943) and Sanders (1948) found that the 
fibre pattern of a nerve 144 days after crushing is far 
from normal, and so also is its excitability and the 
rate at which it can conduct an impulse (Berry, 
Grundfest & Hinsey, 1944; Sanders & Whitteridge, 
1946; Erlanger & Schoepfle, 1946). Apparently, 
regenerated nerves are in many ways different from 
normal nerves. In this connexion it is interesting to 
note that Abercrombie & Johnson (1947) found that 
in crushed sciatic nerves of the rabbit the concen- 
tration of both collagen and protein nitrogen 100 
days after the operation was much greater than that 
in control nerves. 

As far as we are aware, no comprehensive study 
has previously been made of the chemical changes in 
regenerating nerves. Our findings on the increase in 
wet weight agree with those of Mott & Halliburton 
(1901) and Abercrombie & Johnson (1947). Mott & 
Halliburton (1901) also observed that the phos- 
phorus had completely disappeared from sectioned 
sciatic nerves of the cat by 29 days, but that, in two 
animals in which there was physiological evidence 
of regeneration, the phosphorus concentration in the 
nerves 100 days after the operation was almost 80% 
of that in the control nerves. It should be noted that 
Mott & Halliburton (1901) measured total phos- 
phorus, whereas in our experiments lipid phos- 
phorus only was determined. 
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cat sciatic nerves at intervals of time from 16 to 
144 days after nerve crush (axonotmesis). From 
these figures the concentrations of ester cholesterol, | 
sphingomyelin, kephalin, myelin lipid and total lipid R 
were calculated. 

2. The wet weight of the nerve increased after the 
operation, reaching a maximum in 32 days and re- 8 
turning to normal by 144 days. | 

3. The total lipid content of the nerve decreased 8 
during the first 16 days, remained constant during 
the period 16—48 days and then increased gradually. 
Even after 144 days the concentration of total lipid 
was less than that of the control nerves. 

4. Neutral fat decreased rapidly during the first 
16 days, but had returned to normal by 48 days. 

5. The myelin lipids (cerebroside, free cholesterol 
and sphingomyelin) decreased during the first 32 
days, remained constant during the period 32-96 
days and then increased gradually. By 144 days the 
concentration of myelin lipid was 44 % of the value | 
for the control nerves. 

6. Both total and free cholesterol decreased during 
the first 32 days, free cholesterol more rapidly than R 
total, for cholesterol ester, absent in control nerves, 
appeared during this period. The free cholesterol 
followed a course similar to that of myelin lipid 
while the cholesterol ester disappeared, none re- 
maining at 144 days. H 

7. Total phospholipin decreased during the first PY 
32 days, remained fairly constant during the period 
32-96 days and then increased gradually. Sphingo- hn 
myelin followed a similar course, but kephalin 
decreased more rapidly and lecithin more slowly. 
Lecithin did not return to the nerve, the concen- 
tration at 144 days being similar to that at th 
64 days. 
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The Interaction of Serum Albumins with Calcium 
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(Received 1 March 1950) 


Pribram in 1871 postulated that some part of the 
serum calcium was bound to the serum proteins. 
Rona & Takahashi (1911) produced experimental 
evidence justifying Pribram’s suggestion. Numerous 
authors (Loeb, 1926; Marrack & Thacker, 1926; 
Greenberg & Greenberg, 1931; McLean & Hastings, 
1935; Weir & Hastings, 1936; Drinker, Green & 
Hastings, 1939; Ludewig, Chanutin & Masket, 1942) 
have published papers on qualitative and quan- 
titative studies of the distribution of calcium in 
human serum, and the extent to which it may com- 
bine with human and other proteins. 

McLean & Hastings (1935) gave tables of pK 
values for calcium proteinate based on a hypo- 
thetical mass law relationship 


[Ca**] [Protein] _ 
[Ca protein} — 


> 


and in the same paper developed a nomogram based 
on this mass law to explain the relationships in 
human serum. Weir & Hastings (1936) produced 
further data to support this relationship, but revised 
the pK values. Ludewig e¢ al. (1942) re-examined the 
relationship of calcium to protein in human serum, 
using the ultracentrifuge to study the equilibrium. 
They concluded that the system was too complex 
for the simple mass law to be applied. 

Recent developments in the technique of low- 
temperature fractionation of proteins (Pillemer & 
Hutchinson, 1945; Cohn, Strong, Hughes, Mulford, 
Ashworth, Melin & Taylor, 1946; Kekwick & 
MacKay, 1949) offered fresh opportunity for the 
examination of the relationships of calcium to the 
individual serum proteins. Of these, albumin 
seemed the most satisfactorily characterized for 
carefulstudy. In the present investigation westarted 
with the object of discovering whether the calcium- 
binding capacities of albumins of different species 


are the same, and whether albumins from the same 
species, separated and purified by different tech- 
niques, have the same calcium-binding capacity. 


EXPERIMENTAL 


The albumins examined had been prepared by the methods 
of Cohn e¢ al. (1946), Pillemer & Hutchinson (1945) and 
Kekwick & MacKay (1949). The purity of the specimens was 
judged by electrophoretic analysis carried out in the 11 cm. 
analytical cell in phosphate buffer, ionic strength 0-2, at 
pH 8-0, using the moving-boundary technique of Tiselius 
(1939). 

The Ca distribution was studied by dialysis. These 
dialyses were carried out at 2° in a two-chambered system 
separated by a semi-permeable membrane. The time taken 
to establish equilibrium was measured by controls run in 
parallel. Though equilibrium in the majority of cases was 
established in 72 hr. all specimens were left for 6 days before 
analysis of the ionic distribution between the two chambers 
was carried out. During this period the samples were stirred 
frequently to help to establish equilibrium. The ratio of the 
volume of fluid in the protein-free compartment to that in 
the protein-containing compartment was 15: 1. 

Determinations of pH were carried out on all samples at 
the completion of each experiment, using a glass electrode 
and the Cambridge potentiometer. 

Ca determinations on the fluid in each compartment were 
made by a modification of the method of Trevan & Bain- 
bridge (1926). Fig. 1 shows the percentage deviation of Ca 
estimated by our method, from Ca concentrations estimated 
gravimetrically on large samples. 

Chloride determinations were carried out on the fluid of 
both compartments by the method of Van Slyke (1923). 

The protein concentrations in the inner compartment were 
determined at the completion of each equilibrium by N 
determination using the standard micro-Kjeldahl technique. 
In each instance the fluid in the outer compartment was 
examined, and any experiment in which transference of N- 
containing materials could be demonstrated was rejected. 
The albumins had been dialysed against 0-15m-NaCl prior 
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to setting up the equilibrating systems. The final molarities 
ranged from 0-15 to 0-155. The only cations present were 
Ca and Na and the only anions were chloride and protein. 
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Fig. 1. Deviations of the Ca concentrations found by the 


method used in this work from the true Ca concentrations 
determined gravimetrically, expressed as percentages of 
the gravimetric values. 


The distribution of freely diffusible ions at equilibrium 
across a semi-permeable membrane in the presence of one 
non-diffusible ion was investigated by Donnan & Harris 
(1911). They proved that if the distribution of a univalent 
anion was measured, then the distribution of a univalent 
cation present in the same system would be inversely pro- 
portional to that of the anion 

[Na*], [Cl], 


[Nat], [CI],° 


Donnan & Garner (1919) extended the theory to the study of 
bivalent ions and showed that the distribution of bivalent 
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cations at equilibrium was proportional to the ratio of the 
square of the univalent ions 

[Ca*}, _([Na*],)?_ ((C1),)? 

[Ca*], ([{Na*],)? ([CI],)? 
The corrections applied in this paper have been based on the 
distribution of chloride between the two chambers, assuming 
that at the concentrations employed there was complete 
ionization of CaCl, and that the salt does not form complexes 
when equilibrium has been established. 





RESULTS 


Human, bovine and equine albumins were examined. 
The results are arranged in Tables 1-3. Three 
specimens of bovine albumin and two of horse 
albumin were examined and compared with seven 
specimens of human albumin. The crude albumins 
prepared by methanol fractionation of horse and ox 
both had calcium-binding capacities of the order of 
11 mg./g. protein nitrogen, which is markedly 
different from the calcium-binding capacities of 
three human albumins examined, all of which had 
calcium-binding capacities of the order of 4-5 mg./g. 
protein nitrogen. Two preparations of human albu- 
min had no demonstrable calcium-binding capacity 
and the remaining two preparations, the one crystal- 
lized with the aid of decanol and the other in the 
presence of mercury, had calcium-binding capacities 
of the order of 1-0 and 9-0 respectively. 

Tables 1 and 2 show the results on bovine and 
horse albumins and on crude and purified human 
albumin, respectively. Table 3 shows the results on 
a human albumin believed to have been denatured 
in the course of fractionation. 


Table 1. Calciwm-binding capacities of bovine and horse serum albumins 


Donnan 
coefficient Calculated 
N of Ca (mg./l.) calculated free Ca 
sample A from inside Bound Ca 
in sac Outside Inside chloride sac N 
Material pH (g./I.) sac sac distribution (mg./1.) (mg./g.) 
Bovine albumin 

Methanol fractionation 6-70 0-80 125-2 137-0 1-01 126-9 12-6 
(94-97%) (Pillemer & 6-76 0-80 124-1 134-2 1-01 125-4 11-0 
Hutchinson, 1945) 6-84 2-33 134-0 162-5 1-02 137-2 10-9 

6-86 2-33 134-0 164-2 1-03 137-6 11-5 

Ethanol fractionation 6-92 9-97 130-6 179-8 1-08 141-4 3-9 
(95%) (Cohn et al. 1946) 6-95 9-97 130-6 179-2 1-09 142-0 3-7 

Crystalline(100%) (Cohn, 6-10 4-57 144-7 158-6 1-04 148-7 2-2 
Hughes & Weare, 1947) 6-30 9-13 138-1 167-3 1-07 147-1 2-2 

Horse albumin 

Methanol fractionation 6-76 1-50 136-2 156-5 1-02 138-8 11-8 
(94-97%) (Pillemer & 

Hutchinson, 1945) 

Crystallized carbohydrate- 6-32 1-07 94-9 107-4 1-02 96-3 10-4 
poor (100%) Kekwick, 6-34 1-07 95-0 108-1 1-02 96-4 11-0 
1938) 6-40 2-14 92-8 119-8 1-02 94-7 11-8 

6-42 3-21 90-8 130-1 1-03 92-5 11-8 
6-43 4-28 87-5 141-4 1-03 90-1 12-0 
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Table 2. Calcium-binding capacities of human serum albumins 
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N of 
sample 

in sac 
Specimen Material pH (g./I.) 
1 Methanol fractionation (94- 6-64 2-33 
97%) (Pillemer & Hutchin- 6-69 4-70 

son, 1945) 

2 Ether fractionation (85%)* 6-63 3-15 
(Kekwick & MacKay, 1949) 6-71 6-27 

3 25% (American Red Cross, 5-86 11-0 

for therapy) (95-97 %) 6-35 11-0 

6-41 11-0 

7-16 11-0 

7-24 11-0 

7-41 11-0 

7-50 11-0 

7:77 11-0 

7-84 11-0 

4 Ethanol fractionation, 5 re- 6-80 3°83 
crystallizations (100%) 6-76 5-07 

(Cohn et al. 1946) 6-74 7-70 

6-76 10-07 

5 Ethanol fractionation, 10 re- 6-26 3°2¢ 
erystallizations (100%) 6-30 6-37 

(Cohn et al. 1946) 6-30 6-43 

6-33 10-03 

6 Ethanol fractionation; re- 6-79 4-67 
crystallizations as mercury 6-72 7-03 


salt (100%) (Hughes, 1947) 


Donnan 
coefficient Calculated 
Ca (mg./I.) calculated free Ca 5 
from inside Bound Ca 
Outside Inside chloride sac N 
sac sac distribution (mg./l.) (mg./g.) 
138-4 150-9 1-01 139-9 4-7 
137-3 164-4 1-04 142-1 4:7 
168-3 187-8 1-04 174-9 4-1 
174-8 214-8 1-08 188-7 4-2 
124-4 135-9 1-09 135-6 Nil 
123-1 132-0 1-07 131-9 Nil 
123-1 132-0 1-08 132-9 Nil 
124-1 133-0 1-08 134-0 Nil 
123-1 133-0 1-08 132-9 Nil 
125-0 134-0 1-07 134-8 Nil 
125-0 134-0 1-07 134-8 Nil 
122-1 131-2 1-08 132-0 Nil 
127-2 136-1 1-08 137-4 Nil 
134-9 156-5 1-03 139-3 4:5 
130-6 159-0 1-04 135-5 4: 
137-0 183-4 1-08 147-5 4:7 
130-6 185-5 1-06 138-5 4:7 
134-3 140-7 1-02 136-7 1-2 
130-6 140-3 1-03 134-2 1-0 
134-3 146-6 1-03 138-6 1-2 
138-1 152-1 1-04 142-0 1-0 
138-9 185-6 1-03 142-7 9-2 
138-9 206-1 1-06 146-6 8-5 


* 85% albumin from ether fractionation. If an arbitrary correction is made on the assumption that all the Ca is bound 
to the albumin only, the figure for mg. of Ca bound to g. of albumin N (last column) would be 4-8. This assumption is not 


strictly warranted on the data presented. 


Table 3. Calcitum-bindiny capacity of substandard human albumin serum from ether fractionation 


N of 

sample 

in sac 

Material pH (g./1.) 

Ether fractionation (90%) (Kekwick & 6-58 3-23 
MacKay, 1949) 6-50 4-83 
6-40 4-83 


DISCUSSION 


Although, by adopting the arguments and making 
the assumptions of McLean & Hastings (1935) and 
Weir & Hastings (1936), pK values could be derived 
from the data presented here, we do not feel that 
such a procedure is justified or useful in the present 
state of our knowledge. It would have been proper 
to study the calcium-binding over a wider range of 
pH. This would have involved the introduction of 
buffering ions in addition to those already present. 
We considered the use of phosphate buffers, but 
rejected them because of the known ‘complexity of 
the binding of calcium with phosphates (Marrack & 
Thacker, 1926; Greenwald, 1942) and the imponder- 








Donnan 
coefficient Calculated 
Ca (mg./I.) calculated free Ca : 
——_————_ from inside Bound Ca 
Outside Inside chloride sac N 
sac sac distribution (mg./l.) (mg./g). 
136-0 138-0 1-02 138-2 Nil 
136-0 140-1 1-03 139-6 Nil 
136-0 140-1 1-03 139-6 Nil 


ables that such complexes might introduce into the 
system. Within the limited range of pH at which we 
explored and obtained calcium binding, though 
small fluctuations were observed they did not seem 
to bear any relation to changes in pH. This is in 
keeping with the findings of Ludewig, Chanutin & 
Masket (1942) in this range. Materials fractionated 
by identical methods in the same hands showed 
species variation. Within the limits of the conditions 
of our experiments there is clear evidence that there 
are species differences in calcium-binding capacity 
of albumins, and that these differences are well out- 
side the limits of experimental error. It is interesting 
that ox and horse albumin showed the same order 
of calcium binding, differing sharply from human. 











dad 


The recent studies of Scatchard, Scheinberg & 
Armstrong (1950) on the interaction of protein with 
chloride ions would, in a detailed treatment, entail 
a correction of Donnan coefficients, but as all our 
experiments were carried out over a limited and 
comparable range of pH and chloride concentration 
we have not introduced such a correction. 

The variations in binding shown in the varying 
samples of ox albumin suggest two possibilities: that 
the different techniques used for separation of 
albumin have modified the calcium-binding capacity 
of the molecule to different extents, or that the 
fractionating methods are separating out different 
albumins. The other fractionated albumin shown in 
Table 3 was kindly given to us by Dr R. A. Kekwick. 
He had rejected the specimen because for indepen- 
dent reasons it was regarded as below standard. 
Electrophoretic analysis was perfectly satisfactory, 
and there was no indication from the behaviour of 
the material in solution that it had been modified ; 
nevertheless, as the table shows, we were unable to 
demonstrate any calcium binding. The ether- 
fractionated concentrates (2), which had been 
handled with care, are shown in Table 2, and give 
calcium-binding capacities comparable with those of 
the methanol-fractionated (1) and the ethanol- 
fractionated five times recrystallized product (4). 
It seems certain, therefore, that molecular modifi- 
cation can occur during fractionation. Table 2 shows 
analyses of three carefully purified albumins given 
us by the courtesy of Prof. W. L. Hughes of Harvard. 
The albumin ten times recrystallized with decanol 
(5) had a calcium-binding capacity lower than either 
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the five times recrystallized albumin (4) or the ether- 
fractionated (2) and methanol-fractionated (1) crude 
materials. These albumins had comparable calcium- 
binding capacities. The product recrystallized with 
mercury (6) had a considerably higher calcium- 
binding capacity. All these three materials stem 
from an ethanol fractionation and had been pre- 
pared with every care. The possibility arises, there- 
fore, that the process of recrystallization had resulted 
in the separation of two albumins present in normal 
serum and differing in their calcium-binding 
capacity. We appreciate that without accurate yield 
tables for these purified specimens it is not possible 
to be dogmatic, but we submit that the data are 
indicative of the presence of at least two albumins 
in normal human serum. 


SUMMARY 


1. Purified albumins from differing species have 
been examined for their calcium-binding capacities. 
A species difference is observed. 

2. Albumins from individual species purified by 
varying techniques show variations in calcium- 
binding capacities. 

3. These variations are discussed, and it is sug- 
gested that, while some results suggest modifications 
of the albumin during purification, there is evidence 
that certain techniques of crystallization result in 
the fractionation of distinct albumins. 


Our thanks are due to the Biophysics Department of the 
Lister Institute for the facilities granted to us. 


REFERENCES 


Cohn, E. J., Hughes, W. L. & Weare, J. H. (1947). J. Amer. 
chem. Soc. 69, 1753. 

Cohn, E. J., Strong, L. A., Hughes, W. L. jun., Mulford, 
D. J., Ashworth, J. N., Melin, M. & Taylor, H. L. (1946). 
J. Amer. chem. Soc. 68, 459. 

Donnan, F. G. & Garner, W. E. (1919). J. chem. Soc. 115, 
1313. 

Donnan, F. G. & Harris, A. B. (1911). J. chem. Soc. 99, 1554. 

Drinker, N., Green, A. A. & Hastings, A. B. (1939). J. biol. 
Chem. 131, 641. 

Greenberg, D. M. & Greenberg, M. (1931). J. biol. Chem. 94, 
373. 

Greenwald, I. (1942). J. biol. Chem. 93, 551. 

Hughes, W. L. jun. (1947). J. Amer. chem. Soc. 69, 1836. 

Kekwick, R. A. (1938). Biochem. J. 32, 552. 

Kekwick, R. A. & MacKay, M. E. (1949). Proc. lst Int. 
Congr. Biochem. Abstr. p. 147. 


Loeb, R. F. (1926). J. gen. Physiol. 8, 541. 

Ludewig, S., Chanutin, S. & Masket, A. V. (1942). J. biol. 
Chem. 148, 753. 

McLean, F. C. & Hastings, A. B. (1935). J. biol. Chem. 108, 
285. 

Marrack, J. & Thacker, G. (1926). Biochem. J. 20, 580. 

Pillemer, L. & Hutchinson, M. C. (1945). J. biol. Chem. 158, 
299. 

Pribram, R. (1871). Ber. sdichs. Ges. (Akad.) Wiss. 23, 279. 

Rona, P. & Takahashi, D. (1911). Biochem. Z. 31, 336. 

Scatchard, G., Scheinberg, I. H. & Armstrong, S. H. jun. 
(1950). J. Amer. chem. Soc. 72, 535. 

Tiselius, A. (1939). Harvey Lect. 35, 37. 

Trevan, J. W. & Bainbridge, H. W. (1926). Biochem. J. 
20, 423. 

Van Slyke, D. D. (1923). J. biol. Chem. 58, 523. 

Weir, E. G. & Hastings, A. B. (1936). J. biol. Chem. 114, 397. 


1950 i 


— a oe ae 


a 





“" 





Vol. 47 


327 


The Haemolytic Acid present in Horse Brain 
1. PURIFICATION AND IDENTIFICATION AS cis-OCTADEC-11-ENOIC ACID 


By I. D. MORTON anp A. R. TODD 
Chemical Laboratory, University of Cambridge 


(Received 20 March 1950) 


The occurrence of haemolytic substances in the 
tissues, secretions and excretions of animals has 
occasionally been reported. McKee (1915) and 
Ponder (1921) found in human urine a lytic factor 
which was soluble in organic solvents and which it 
was suggested might be a bile acid or some related 
compound. Drury & Weil (1934) and Drury, Miles, 
Platt, Plaut, Weil & Hughes (1936) studied the lytic 
action of psychosin (lignoceryl sphingosine), and 
showed that it was lost on deamination ; however, no 
evidence could be found that psychosin, or even 
sphingosine, existed in the free state in animals. 
Bergenhem & Fahraeus (1936) reported the presence 
of a haemolytic substance in normal blood and, on 
rather slender evidence, suggested that it was a 
lysolecithin derivative. 

Laser & Friedmann (1945) isolated from human 
blood a solid acid, m.p. 45°, which contained neither 
nitrogen nor phosphorus and which had a strong 
haemolytic action. They advanced for it a formula 
C..H,.0; suggestive of a hydroxylated fatty acid. 
Linoleic, oleic and various other fatty acids are 
weakly haemolytic, and their action on erythrocytes 
and on the ciliated protozoon, Glaucoma piriformis, 
has been studied by Chaix & Baud (1947). Laser 
(1946) carried out physiological studies and showed 
that this haemolytic acid was of importance in the 
metabolism of the malarial parasite. He also re- 
cognized that the original preparation was not 
homogeneous, and considered that the active haemo- 
lytic component was a mono-unsaturated fatty acid 
with a probable chain length C,,. Later, the same 
author (Laser, 1948, 1949) showed that the acid was 
more widely distributed than had at first been 
thought, and he obtained it from various body 
tissues, brain tissue being a particularly rich source. 

In the present investigation, the free fatty acids 
of brain were prepared by the normal ethanolic 
extraction procedure and, by lead salt precipitation, 
the unsaturated fatty acid fraction was separated 
from the relatively inactive saturated acid fraction. 
The unsaturated acid fraction was now subjected to 
molecular distillation, a series of empirical fractions 
being collected. As can be seen from Fig. 1, haemo- 
lytic activity (assayed by the method of Laser 
(1949) using horse erythrocytes) was largely con- 
fined to the earlier fractions. The individual active 


distillates were now subjected to low temperature 
crystallization from acetone-light petroleum (Hil- 
ditch, 1948). The fractions insoluble at — 20° con- 
sisted of saturated acids (confirmed by iodine value 
determinations), while those soluble at — 20° and 
insoluble at — 70° comprised monoethylenic acids; 
polyethylenic acids were soluble at —70°. The 
haemolytic activity of various crystallizates from 
fraction II of the molecular distillate is shown in 
Fig. 2; activity is almost wholly confined to the 
monoethylenic fraction. One of the most highly 
active fractions obtained in this way (fraction ITTI- 
2-2) was obtained from fraction III of the molecular 
distillate. The haemolytic activity of this fraction 
is very similar to that of synthetic cis-octadec-11- 
enoic acid (Fig. 3). The ultraviolet absorption 
spectrum of fraction III-2-2 and other similar 
fractions showed only general absorption in the 
region 2000-2200 A., whereas simple saturated acids 
and a, B-unsaturated acids show maxima near 2040 
and 2100 A., respectively. The infrared spectrum 
was in its main features identical with that of oleic 
acid (cis-octadec-9-enoic acid) and no groupings of 
the types —-C(CH,)—=CH—, —CH=—CH, or trans- 
—CH—CH— could be detected. The infrared data, 
coupled with the iodine value (83), strongly sug- 
gested that fraction III-2-2 consisted wholly of C,, 
monoethylenic fatty acids; indeed it seemed likely 
that these fractions were substantially the strongly 
haemolytic C,, acid, contaminated, in all probability, 
with oleic acid. The contamination with oleic acid 
would be expected from the method of preparation. 
The impracticability of complete removal of con- 
taminants from the purified concentrate of haemo- 
lytic acid using the small amount of material avail- 
able caused us to proceed to structural determina- 
tion by chemical methods, using fraction III-2-2 and 
other fractions which were closely similar in potency, 
iodine value and other characteristics (e.g. fractions 
II-2-1, IV-2-1-2). 

As a first step, hydroxylation of the double bond 
was carried out on a semi-micro scale. The method of 
Lapworth & Mottram (1925) could not be satis- 
factorily adapted to our needs, but oxidation with 
osmic acid in pyridine (Criegee, Marchand & Wan- 
nowius, 1942) gave an «-glycol fraction, m.p. 124-5— 
125°, in over 90% yield. Comparative oxidations 
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were carried out on oleic acid which yielded a glycol, 
m.p. 131° (ef. Bader, 1948) and petroselinic acid (cis- 
octadec-6-enoic acid) which gave a glycol, m.p. 122— 
122-5°. Osmic acid oxidation of synthetic cis-octa- 
dec-11-enoic acid gave a glycol, m.p. 125-5—126°, in 
agreement with the findings of Ahmad, Bumpus & 
Strong (1948), who used potassium permanganate as 
oxidizing agent. Mixtures of the glycol from fraction 
III-2-2 and other similar fractions with those from 
oleic acid or cis-octadec-ll-enoic acid melted at 
125—-126°, but a mixture of the same glycol with that 
from petroselinic acid melted at 80—100°. 

The «-glycol from fraction III-2-2 and similar 
fractions was now subjected to periodate oxidation, 
using the procedure of King (1938) modified for use 
on 70-100 mg. scale; for this purpose the apparatus 
described by Erdés & Laszlo (1938) was found suit- 
able. Fission of dihydroxy fatty acid, prepared as 
above, should yield a mixture of an aldehyde and 
an aldehydo-acid thus: 





H,(CH,),CHOHCHOH(CH,),COOH 
-> CH,(CH,),CHO + OHC(CH,),COOH. 


After completing the oxidation with periodate, the 
aldehyde was steam distilled from the product, and 
from it the semicarbazone and 2:4-dinitrophenyl- 
hydrazone were prepared. These derivatives were 
expected to be mixtures, since we suspected that the 
concentrate used contained some oleic acid in 
addition to the strongly haemolytic acid. The semi- 
carbazone obtained had m.p. 92—93°; it gave inter- 
mediate values in mixed melting-point determina- 
tions with the semicarbazones of the straight chain 
C, and C, aliphatic aldehydes, and marked melting- 
point depression when mixed with those of the C;, C, 
and C, aldehydes. The 2:4-dinitrophenylhydrazone 
prepared from the aldehyde fraction had m.p. 80- 
88°, and a synthetic mixture of the corresponding C, 
and C, aldehyde derivatives melted at 81—86°. It 
was found impossible to fractionate the material, 
m.p. 80—88°, or indeed to separate artificial mixtures 
of the C, and C, aldehydo-derivatives by chromato- 
graphy, and attempts to purify the aldehyde itself 
by distillation failed. 

The portion of the periodate oxidation product 
which did not steam distil was further oxidized with 
potassium permanganate. Fractional crystalliza- 
tion of the resulting acid mixture yielded azelaic 
acid (n-heptane-1:7-dicarboxylic.acid) and n-nonane- 
1:9-dicarboxylic acid. 

From these results, it is justifiable to conclude that 
the haemolytic acid is cis-octadec-11-enoic acid (cis- 
heptadec-10-ene-1-carboxylic acid, cis-vaccenic acid) 
and that the isolated natural product is contaminated 
with oleic acid. The results of surface film and X-ray 
studies (Goddard & Alexander, 1950) are in accord 


with this conclusion. Further confirmation was 


obtained upon synthesizing cis-octadec-11-enoic 
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Fig. 1. Haemolytic activity of molecular distillates. Roman 
numerals refer to fraction numbers. 10 ml. phosphate 
buffer (0-15M), pH 7-3, 0-1 ml. 5% erythrocyte suspension. 
The time in this and subsequent figures is the time taken 
to reach the end point of haemolysis as described by Laser 
(1949). 
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Fig. 2. Haemolytic activity of fractions crystallized at low 
tomperadaaren. Numerals refer to fraction numbers. 10 ml. 
phosphate buffer (0-15M), pH 7-3, 0-1 ml. 5% erythrocyte 
suspension. 
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Fig. 3. Haemolytic activity, of natural concentrates and 
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acid according to the method of Ahmad e¢ al. (1948); 
the synthetic acid had haemolytic properties similar 
to the natural material (Fig. 3). It is of interest to 
note that cis-octadec-11-enoic acid has not hitherto 
been found in nature, although its trans isomer, 
vaccenic acid (Bertram, 1928), has been known as 
a constituent of natural fats for many years. 
Although no precise figure can be given, considera- 
tion of the amount of purified material isolated, and 
its haemolytic activity relative to synthetic cis- 
vaccenic acid, suggests that the latter acid is present 
in brain in quantity at least 0-025 % of the undried 
tissue. 


EXPERIMENTAL 


Isolation of the free fatty acid fraction from 
horse brain 


Eight horse brains, each weighing approx. 400-500 g., were 
minced and freeze-dried at — 10° to + 10° in a high vacuum 
for 72 hr. to yield a powder which was ground with sand and 
extracted in a large vapour-jacketed Soxhlet apparatus with 
ethanol (101.). After extraction (18 hr.), the cooled liquor 
was filtered to remove sterols (395 g.), concentrated to 
smaller bulk (1-5 1.) in an atmosphere of N, and additional 
sterols (28 g.) filtered off. The ethanolic filtrate was evaporated 
yielding a solid residue which was taken up in ether (1 !.). 
Extraction with NaOH (2%, w/v) in 200 ml. batches yielded 
the Na salts of the free fatty acids in solution. The solution 
was acidified to pH 7-1-7-3 and extracted with ether. The 
ether extract was washed thoroughly with water and ex- 
tracted with K,CO, solution (2%, w/v); the alkaline extract 
was acidified and the free acids again extracted with ether. 
A final extraction of the ethereal solution with NaOH 
solution (2%) yielded a solution of Na salts which was then 
acidified with acetic acid to pH 7-1-7-3 and lead acetate 
(50 ml.; 5%, w/v) added following the usual Pb salt pre- 
cipitation procedure (Hilditch, 1947). The Pb salts of the 
monoethylenic fatty acid fraction, contaminated with acetic 
acid, were extracted with ether to yield the free fatty acids 


(10-6 g.). 


Molecular distillation of the free fatty 
acid fraction 

The free fatty acids (approx. 9 g.) were distilled slowly in a 
large ‘cold finger’ molecular still, and the distillate collected 
in ten (arbitrary) fractions, one per day. Fractions I-X each 
weighed approx. 700-900 mg. and distilled at approx. 
60°/10-5 mm.; they were stored under N, and protected 
from light. 


Fractionation of the fatty acid mixtures 


The various fractions were dissolved in light petroleum 
(b.p. 40-60°) or acetone, moisture being excluded, and 
cooled to the desired temperature for at least 60 min. 
(Hilditch, 1948). The fractions were filtered through a Jena 
G4 sintered-glass funnel surrounded by a cooling bath, and 
the filtrate was collected in a receiver immersed in an ethanol/ 
CO, bath. The filtration was carried out as quickly as possible 
and, as far as possible, under an N, atmosphere. All I, values 
were determined in duplicate or triplicate by the method of 
Trappe (1938) on 2-3 mg. samples. 
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Fraction II (1150 mg.; iodine number 71) in acetone 
(16 ml.) was cooled to —10° and filtered. The filtrate was 
further cooled to -—70° and filtered at that temperature. 
The following fractions were thus obtained: 

II-1; insol. — 10°, iodine number 50, 507-4 mg. 

II-2; sol. — 10°, insol. — 70°, iodine number 90, 349-1 mg. 

II-3; sol. — 70°, iodine number 112, 280 mg. 

Fraction ITI (705 mg., iodine number 71) was dissolved in 
acetone (10-5 ml.) and filtered at —10°, and the filtrate 
cooled to —70° and filtered at that temperature, to yield 
fractions: 

III-1; insol. — 10°, iodine number 33, 144-4 mg. 

III-2; sol. — 10°, insol. — 70°, iodine number 79, 335-1 mg. 

III-3; sol. — 70°, iodine number 74, 154-5 mg. 

Other fractions from the molecular distillation were 
treated in a similar manner. As a second solvent, light 
petroleum (b.p. 40-60°) was used. 

Fraction III-2 (330 mg.) was dissolved in light petroleum 
(10 ml.), cooled to — 50° and filtered at that temperature to 
yield: 

III-2-1; insol. — 50°, iodine number 87, 142-6 mg. 

III-2-2; sol. — 50°, iodine number 83, 134 mg. 

Fraction III-2-1 (130 mg.), dissolved in light petroleum 
(5 ml.), was cooled to — 70° and filtered at that temperature 
to yield: 

III-2-1-1; insol. — 70°, 103-8 mg. 

IIT-2-1-2; sol. — 70°, 21-4 mg. 

Other highly active fractions IV-2-1-2 and II-2-1 were 
obtained in a similar manner. 


Oxidation experiments with potassium perman- 
ganate and osmic acid 


(1) Oleic acid (426-2 mg.) was oxidized by the procedure 
of Lapworth & Mottram (1925). The acid was dissolved in a 
solution of KOH (0-5 g.) in water (50 ml.) and cooled to 3°. 
KMn0, solution (40 ml., 1%) was added, the mixture briskly 
stirred for 5 min., SO, passed in to decolorize, conc. HCl 
(15 ml.) added and the mixture allowed to stand, then 
filtered and the filter residue washed with light petroleum 
(5 ml., b.p. 80-100°). The yield of crude 9:10-dihydroxy- 
octadecanoic acid was 235 mg. (48%), m.p. 122°. Decreasing 
the time of oxidation decreased the yield of the product and 
increasing the amount of material oxidized gave an increase 
in percentage yield. 

(2) Oleic acid (332 mg.) was oxidized with osmic acid in 
ether and pyridine at 0° (Criegee et al. 1942) to yield the pure 
a-glycol (336-9 mg., 91%), m.p. 131°. 

(3) Osmic acid oxidation of the haemolytic acid concen- 
trate (fraction IV-2-1-2; 288 mg.) in the same way yielded 
a solid dihydroxy acid (290-5 mg.), m.p. 117-118°. Reery- 
stallization from ethanol: ether raised the m.p. to 124-5°. 
(Found: C, 67-8; H, 11-2. Cale. for C,,H;,0,: C, 68-3; H, 
11-4%.) Mixed with 9:10-dihydroxyoctadecanoic acid 
(m.p. 131°) and with 11:12-dihydroxyoctadecanoic acid 
(m.p. 126°), the melting point was 125-126°. 


Oxidation of the dihydroxy acid with 
periodic acid 


The procedure of King (1938) was followed closely and 
adapted to a semi-micro scale. Model experiments were first 
carried out with 9:10-dihydroxyoctadecanoic acid. This 
glycol (105-1 mg.) was dissolved in ethanol (6 ml.) at 40°, 
and a solution of KIO, (78-9 mg.) in N-H,SO, (3-8 ml.) at 
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40° added. The mixture was stirred briskly for 120 sec., 
cooled with stirring for 60 sec., water (30 ml.) added and the 
whole extracted with ether (2 x 100 ml.). After removal of 
ether, the residual oil was steam distilled in the apparatus 
described by Erdés & Laszlo (1938); the aldehyde was 
extracted from the distillate with ether and converted to its 
semicarbazone. The non-volatile residue in the apparatus 
was transferred with ether to a small beaker, the ether 
removed, 0-1N-KMn0O, (12 ml.) and n-H,SO, (3 ml.) were 
added and, after 3 hr. at room temperature, SO, was passed 
in to decolorize and the azelaic acid (43 mg., 98%; m.p. 105°) 
extracted with ether. In order to obtain satisfactory yields 
in these experiments, it was necessary to use peroxide-free 
ether. 

The glycol from the haemolytic acid concentrate was now 
oxidized with periodic acid in the same manner. The «- 
glycol (79-2 mg.) oxidized for 1-5 min. using KIO, (64-6 mg.) 
yielded the aldehyde semicarbazone (18-6 mg.), m.p. 84°. 
Recrystallization of the semicarbazone raised the melting 
point to a constant 92-93°. Mixed melting points with 
authentic semicarbazones of the straight chain C,;—C, ali- 
phatic aldehydes were: C,, 75-80°, depression; C,, 77-88°, 
depression; C,, 92-103°, intermediate; C,, 88-89°, de- 
pression; C,, 93-96°, intermediate. 

In further fission experiments, attempts were made to 
distil the oily aldehyde from the steam distillate in the 
apparatus of Craig (1936, 1937), but only polymers were 
obtained. Conversion of the aldehyde fragment to the 2:4- 
dinitrophenylhydrazone gave a derivative, m.p. 82-88°. 
Chromatography on tale, magnesium sulphate or alumina, 
using light petroleum (b.p. 40-60°) and benzene as develop- 
ing solvents, failed to separate it into components. A 
synthetic mixture of the C, and C, aldehyde 2:4-dinitro- 
phenylhydrazones (m.p. 81—-86°) behaved similarly. The use 
of paper chromatography with butanol-acetic acid-water as 
developer was also tried without success, as was anhydrous 
paper saturated with methanol and light petroleum (b.p. 
100-120°)-methanol as developer. 

From the non-volatile fragment of the fission product, 
permanganate oxidation gave a dicarboxylic acid fraction, 
m.p. 91° (45-4mg.). Fractional crystallization of this 
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material from benzene yielded a less soluble fraction, m.p. 
107° which, mixed with n-nonane-1:9-dicarboxylic acid 
(m.p. 110°), had m.p. 108°, and a more soluble fraction, 
m.p. 105°, undepressed in admixture with an authentic 
sample of azelaic acid (m.p. 105°). 


cis-Octadec-11-enoic acid 


The method of Ahmad et al. (1948) was followed and 
furnished a product, m.p. 10-11°. Oxidation with osmic acid 
gave an a-glycol, m.p. 125-5-126°. A mixed melting point 
with that from the haemolytic acid showed no depression. 


SUMMARY 


1. An unsaturated fatty acid present in horse 
brain and showing high haemolytic activity in vitro 
has been obtained in the form of a highly active 
concentrate containing oleic acid as a contaminant. 

2. Chemical evidence is presented showing that 
the haemolytic acid is cis-octadec-11-enoic acid (cis- 
heptadec-10-ene-l-carboxylic acid), an acid not 
hitherto found in nature. 

3. Synthetic cis-octadec-11-enoic acid appears to 
have all the properties of the natural haemolytic 
acid. 
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The Haemolytic Acid present in Horse Brain 
2. EXAMINATION BY THE INSOLUBLE MONOLAYER TECHNIQUE 


By E. D. GODDARD anp A. E. ALEXANDER 
Department of Colloid Science, University of Cambridge 


(Received 20 March 1950) 


The results obtained in Part 1 of this investigation 
(Morton & Todd, 1950) have indicated as the 
structure of the haemolytic acid a straight chain 
monobasic fatty acid of 18 carbon atoms, containing 
one unsaturated bond of the cis form. Because of the 
small amount of the acid available, elucidation of 
its structure by degradative studies was rather diffi- 
cult, and therefore some physical approach to the 
problem was sought. A compound of this type would 
be expected to lend itself readily to investigation by 
the insoluble monolayer technique and, as will be 
shown below, considerable information as to the 
structure of the acid has in fact been obtained by 
this means. 


EXPERIMENTAL 


The structures and melting points of the materials used are 
given in Table 1. All contain 18 carbon atoms. 

The apparatus used for measuring the force-area (7-A) 
and surface potential (AV) characteristics of the various 
monolayers was of the standard type developed in this 
department, as described in numerous earlier publications. 
To reduce electrical interference, the film balance and the 
valve electrometer were enclosed in the same shielded box. 
The trough and its housing were held at a constant tem- 
perature by circulating water at 25°. 

The unsaturated acids were spread from benzene, and the 
dihydroxy acids from a 1:4 (v/v) ethanol-benzene mixture. 


RESULTS AND DISCUSSION 


The haemolytic acid on 0-01N-HCl gave a liquid 
expanded film, becoming coherent at approx. 60 A.?/ 
molecule and collapsing at approx. 30 A.? to an oil 
lens (see Fig. 1). The fact that the pressure increased 
slowly below the collapse area suggests the presence 
of some impurity in the compound. For purposes 


of comparison the z-A and AV-A characteristics 
of three known cis acids were examined, and it is 
clear from Fig. 1 that these differ but little from one 
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Fig. 1. Force-area (7-A) and surface potential-area (AV-A) 
curves of cis-octadecenoic acids and the haemolytic acid 
on 0-01 N-HCl. 


Acid nm-A curve AV-A curve 
cis-Octadec-6-enoic A E 
cis-Octadec-9-enoic B F 
cis-Octadec-11-enoic Cc G 
Haemolytic D H 


another and from the haemolytic acid. It is in- 
teresting to observe that the spreading pressures of 
the four acids are approximately equal: evidently, 


Table 1. Acids examined 


Melting point 


Acid Structure (°) 
cis-Octadec-6-enoic (petroselinic) CH; .(CH,)9-CH:CH.(CH,),.CO,H 30 
cis-Octadec-9-enoic (oleic) CH, .(CH,),.CH:CH .(CH,),.CO,H 13 
trans-Octadec-9-enoic (elaidic) CH, .(CH,),.CH:CH.(CH,),.CO,H 44 
cis-Octadec-11-enoic CH, .(CH,);.CH:CH.(CH,),.CO,H ll 
trans-Octadec-11-enoic (vaccenic) CH,.(CH,);.CH:CH.(CH,),.CO,H 39 
Haemolytic C,,H33.CO,H Approx. 9 
cis-6:7-Dihydroxyoctadecanoic CH,.(CH,);9- CHOH .CHOH. (CH,),.CO,H 122 
cis-9:10-Dihydroxyoctadecanoic CH,.(CH,),.CHOH.CHOH.(CH,),.CO,H 131 
cis-11:12-Dihydroxyoctadecanoic CH,.(CH,);. CHOH.CHOH.(CH,),.CO,H i . 


Dihydroxyhaemolytic 


C,,H3,0,.CO,H 
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then, these pressures are independent of the position 
of the double bond in the hydrocarbon chain, and are 
determined by the work required to remove the 
polar group from the surface. 

The fact that, on collapse, the haemolytic acid 
yielded a stable oil lens led us to suspect the presence 
of a cis double bond in the molecule. Marsden & 
Rideal (1938) observed that trans unsaturated long- 
chain acids never form oil lenses, but collapse to 
solid or unstable liquid films (see Fig. 2). It is to be 





Surface potential, AV (mV.) 
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Fig. 2. Force-area (7-A) and surface potential-area (AV-A) 
curves of trans-octadecenoic acids and the haemolytic 
acid on 0-01 n-HCl. 


Acid m-A curve AV-A curve 
trans-Octadec-9-enoic A D 
trans-Octadec-11-enoic B E 
Haemolytic C F 


expected that chain adlineation would be much 
easier in the case of the trans configuration than in 
the cis, where the hydrocarbon chain is_ bent 
(Marsden & Rideal, 1938). In agreement with these 
findings, elaidic and vaccenic acids, which also gave 
liquid-expanded monolayers, formed unstable liquid 
films at low areas. The high 7 and AV values shown 
by vaccenic acid may be attributable to the sample, 
which is thought to contain a small amount of 
stearic acid. 

Striking differences between the cis and trans acids 
were found on an underlying solution 10-4m with 
respect to Ca**, pH 7-5 (see Fig. 3). As expected, 
the calcium ions condensed the films somewhat by 
binding together the ionized head groups. The cis 
acids and the haemolytic acid gave liquid expanded 
monolayers which collapsed below about 30 A.?/ 
molecule to unstable liquid films. The trans acids 
behaved very differently, due, undoubtedly, to the 
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greater ease of packing of the chains, as pointed out 
above. Elaidic acid showed a transition to the con- 
densed state at 34 A.?, and on further compression 
collapsed to a fragile solid. Vaccenic acid gave a 
more condensed and less stable monolayer than 
elaidic acid, and collapsed to an unstable liquid film. 


Force, 7t (dynes/cm.) 





20 30 40 50 60 
Area, A (A2/molecule) 


Fig. 3. Force-area (7-A) curves of octadecenoic acids and 
the haemolytic acid on 10-4m-Ca solution, pH 7-5. 


Acid m-A curve 
cis-Octadec-9-enoic A 
cis-Octadec-11-enoic B 
trans-Octadec-9-enoic C 
trans-Octadec-11-enoic D 
Haemolytic E 
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Fig. 4. Force-area (7-A) and surface moment-area (u-A) 
curves of the dihydroxy derivatives of cis-octadecenoic 
acids and the haemolytic acid on 0-01 N-HCl. 


m-A p-A 
Acid curve curve 
cis-6:7-Dihydroxyoctadecanoic A E 
cis-9:10-Dihydroxyoctadecanoic B F 
cis-11:12-Dihydroxyoctadecanoic Cc G 
Dihydroxyhaemolytic : D H 


The experiments so far described clearly pointed 
to the double bond in the haemolytic acid having the 
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cis configuration. Some means of fixing the position 
of the double bond in the chain was therefore sought. 
(It is clear from Fig. 1 that it is not in the «8 position, 
since Hughes & Rideal (1933) have shown that the 
surface moment of «B-iso-oleic acid is approximately 
double that of oleic acid. This confirms the results 
of the ultraviolet analysis referred to in Part 1). For 
this purpose an investigation of the dihydroxy 
derivatives of the various cis acids was undertaken. 
It was anticipated that the additional polar groups 
would tend to cause that section of the chain between 
them and the carboxyl group to lie in the surface, 
so that the 7-A characteristics should depend upon 
the position of the double bond in the original un- 
saturated molecule. 

The surface characteristics of the various di- 
hydroxy acids on 0-01N-HCl show the anticipated 
differences between the various isomers (Fig. 4). All 
gave vapour-expanded films at large areas, and, on 
compression, underwent a transition to the con- 
densed state, where ultimately the chains must 
become close packed as the final areas are all around 
20 A.?/molecule. From the above analysis the tran- 
sition areas should be related to the limiting area 
at which all the molecules can lie in the surface thus, 


a 
ols ees eet en es 
00 oO 0H 00 6 OH 
H H H H 
Fig. 5. 


and at smaller areas the dihydroxy groups will be 
lifted from the surface. Thus the area at the tran- 
sition point should decrease as the double bond 
approaches the carboxyl group, and the values for 
the three known acids are in good agreement with 
this view. 


Table 2. Transition areas of the dihydrozy- 
octadecanoic acids 
Transition 
area 
Acid (A.?) 
Dihydroxy-cis-11:12- 104-5. 19.5 4.2 fortwo CH 
Dihydroxy-cis-9:10- 92 } r an eee 
Dihydroxy-cis-6:7- 74 } 18 A.? for three CH, groups 
Dihydroxyhaemolytic 98 


Difference in areas 


It is interesting to note the figures in the last 
column of Table 2 which show that each additional 
CH, group between the carboxy] and carbinol groups 
increases the transition area by about 6 A.?. This 
figure agrees reasonably well with the calculated 
area for a CH, group lying in the surface, namely 
0-5 x 2-5 x 4-5= 5-6 A.?. 

It would seem, from the value for its dihydroxy 
derivative in the above table, that haemolytic acid, 
if a pure compound, is the cis-10-ene-isomer. As 
pointed out earlier, the monolayer data on the acid 
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indicated quite clearly that it is not a pure com- 
pound. Later evidence (reported in Part 1), based 
on the isolation of the two compounds 


CHO.(CH,),.COOH and CHO.(CH,),.COOH, 


from the oxidation products of dihydroxy haemo- 
lytic acid, suggested haemolytic acid to be a mixture 
of oleic and cis-octadec-11-enoic acids. This view is 
quite compatible with the present findings, as such a 
mixture would be expected to exhibit a behaviour 
intermediate between that of its two constituents. 

It may be mentioned that the formation of a 
vapour-expanded film by the dihydroxy haemolytic 
acid is further confirmation of the cis configuration 
of the molecule, for Marsden & Rideal (1938), 
studying the dihydroxybehenic acids, found that, 
whereas the cis modification gave a vapour-expanded 
monolayer, the trans gave a condensed one. 

The surface potential results shown in Fig. 4 are 
in general accord with the above conclusions. The 
surface moment (j) remains fairly constant until the 
transition point is reached, after which it falls 
rapidly, due presumably to the removal of the two 
hydroxyl groups from the surface. 

It will also be noticed in Fig. 4 that, in the ex- 
panded region, the » values for the dihydroxy-oleic, 
-haemolytic and -cis-octadec-11-enoic acids are all 
approximately the same, namely just over 500 milli- 
Debyes (mD.), whereas that for the cis-petroselinic 
derivative is appreciably lower, about 450 mD. The 
former, after subtracting 180 mD. for the carboxyl 
group, leaves just over 300 mD. as the contribution 
from the two hydroxyl groups. This value for the 
surface moment contribution of two hydroxyl groups 
on vicinal carbons lying in the surface agrees with 
the value obtained by Marsden & Rideal (1938) in 
cis-dihydroxybehenic acid. The lower value for the 
dihydroxy-cis-petroselinic acid can be ascribed to 
steric effects arising from the proximity of hydroxyl 
and carboxyl groups. It is clear from a study of 
models that with only four CH, groups between 
carboxyl and carbinol groups it is impossible to 
obtain the full dipole contribution from all three 
polar groups, whereas with seven CH, groups the 
molecule possesses the necessary flexibility to make 
this possible. 

A similar proximity effect was noticed by Fos- 
binder & Rideal (1933) in their study of y-hydroxy- 
stearic acid, in which the carboxyl and carbinol are 
separated by two CH, groups. In the expanded 
region (50-60 A.?/molecule) this acid gave a » value 
of 255 mD. Allowing 180 mD. for the carboxy] con- 
tribution, this leaves only 75 mD. for the hydroxyl. 
A further example of this proximity effect has come 
from a study of ester polymers by Wiltshire (1949). 
The normal contribution, per ester group (approx. 
530 mD.), is obtained only when there are at least 
six CH, groups separating the ester groups (Table 3). 
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Table 3. Surface moments of ester polymers 


Contribution 
(u) per ester 
Ester group (mD.) 
Polypropylene adipate 355 
(—CO.0.(CH,);.0.CO(CH,),—) 
Polytetramethylene adipate 420 
(—CO.0.(CH,),.0.CO.(CH;),—) 
Polyhexamethylene adipate 530 


(—CO.0.(CH,),.0.CO.(CH,),—) 


The physical data presented here on the monolayer 
behaviour of the haemolytic acid and its dihydroxy- 
derivative, have provided excellent confirmation of 
the conclusions reached in Part 1 from organic de- 
gradation studies. The investigation represents an 
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interesting application of the monolayer technique 
to the structural elucidation of organic molecules. 


SUMMARY 


1. The monolayer properties of the haemolytic 
fatty acid have been determined and compared with 
those of cis and trans modifications of isomeric acids. 
The comparison has indicated that the acid has the 
cis configuration. 

2. It has been concluded from an examination 
of the dihydroxy derivatives of the cis isomers 
that the haemolytic acid is a mixture of oleic acid 
and cis-octadec-11-enoic acid. 

We are indebted to Dr I. D. Morton for the compounds 
used in these studies, and to the Elsie Ballot Trust for a 
scholarship which enabled one of us (E. D. G.) to take part 
in the investigation. 
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APPENDIX 


X-Ray Examination of the Haemolytic Fatty Acid 


By E. D. GODDARD anp M. F. PERUTZ 


In this section is described an attempt to find the 
position and stereochemical nature of the double 
bond in the haemolytic acid by X-ray methods. 
Previous X-ray studies (e.g. Alexander, 1939) had 
shown the long spacing of the cis modification of an 
unsaturated fatty acid to differ considerably from 
that of its trans isomer; also for a series of cis 
isomers, that the long spacing varied according to 
the position of the double bond in the chain. It was 
to be expected, therefore, that measurement of the 
long spacings, especially of built-up multilayers, 
would throw light on the problem. Moreover, pro- 
vided a sufficient number of orders of reflexion could 
be recorded, it seemed possible that the position of 
the double bond could be found directly by means 
of a Patterson synthesis. 

A preliminary X-ray examination of an impure 
extract of the haemolytic compound was made by 
one of us (M. F. P.) in 1945. The sample examined 
had a melting point of 35° and undoubtedly con- 
tained a certain amount of saturated acid as im- 
purity. An oriented preparation was made by 
allowing a drop of the molten substance to solidify 
on a coverslip. Oscillation photographs showed 
several reflexions corresponding to the first and 


higher orders of a spacing of 38 A. Odd orders were 
strong and even ones weak, indicating long-chain 
molecules with a polar end group. Orders between 
the 17th and 19th were too weak to observe. The 
17th order had medium strength, the 19th was 
strong and the 21st absent. 

From these data the degree of tilt of the chains 
relative to the normal to the layer plane could 
be estimated and hence the chain length deduced. 
This was found to be 23-2-23-8 A., correspond- 
ing to a saturated fatty acid chain of either 
17 or 18 carbon atoms, but as the former seemed 
improbable on account of the rare occurrence of 
acids with an odd number of carbon atoms, it 
was thought most likely that the haemolytic sub- 
stance contained 18 carbon atoms. However, at 
the time, chemical analysis seemed to indicate 
a compound of the formula C,.H,.0O; (Laser & 
Friedmann, 1945). Thus chemical and X-ray data 
could be reconciled only by assuming a branched 
chain. In retrospect it is interesting to note that 
the answer given by the preliminary X-ray analysis 
was close to the truth, even though the compound 
examined is now known to have been contaminated 
with saturated acid. 





re 
in 
on 
ne 
as 


ns 
ld 
d. 
i. 
er 
od 


sis 
nd 
ed 





Vol. 47 


EXPERIMENTAL METHODS 


All purified samples of the haemolytic acid (supplied by 
Dr I. D. Morton) were in the liquid state at room temperature. 
Oriented specimens of the acid and its cis isomers were 
prepared by building up multilayers (about 100 layers each) 
of their Ca salts according to the method developed by 
Blodgett & Langmuir (1935). A substrate 10-4 in Ca** at 
pH 8 was found most suitable. Triolein was used as pistol 
oil. All the acids showed X-deposition. 

Attempts were also made to deposit (as the Ca salt) the 
dihydroxy derivative of the haemolytic fatty acid, with a 
view to finding the positions of the relatively heavy O 
atoms by Patterson synthesis, but these attempts were not 
successful. Between five and eight monolayers were de- 
posited on each immersion of the strip which became wetted 
and had to be dried after each immersion. Varying pH and 
reduced temperatures failed to improve the deposition. In 
addition, an attempt was made to obtain an oriented 
specimen by evaporation of an ethanolic solution of the 
dihydroxy haemolytic acid on Cr. 

The multilayers were deposited on Cr, Cu, Al and mica 
strips. The latter had the advantage that they gave a 
reflexion of 10-1 A. which could be used as a calibration mark 
on the film. Oscillation pictures were at first taken with 
filtered Cu radiation, but this produced a disturbing amount 
of background on the films. The final measurements were 
therefore made with crystal-reflected Cu radiation. 


RESULTS AND DISCUSSION 


The X-ray photographs of the haemolytic fatty acid 
(and of the three acids examined for comparison) 
showed no more than the first five order reflexions 
from the layer plane. This was good enough to 
measure the spacings with an accuracy of about 
0-5%, but quite insufficient for the calculation of 
a Patterson synthesis. As the latter seemed the 
most vital objective of the investigation, great efforts 
were made to obtain improved pictures. Different 
metals were tried as a base for the multilayers in 
order to reduce the background on the photographs 
to a minimum, but not even a sample containing 
500 monolayers of haemolytic acid (deposited on 
copper as the calcium salt) showed any significant 
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improvement. Photographs of dihydroxy-haemo- 
lytic and -petroselinic multilayers contained only 
three orders and those of specimens evaporated from 
ethanolic solution none at all. 

In the circumstances, it became necessary to resort 
to the less direct method of comparing the long 
spacings of the haemolytic fatty acid with those of 
cis-fatty acids of known structure. These spacings 
are shown in Table 1. They were obtained with 
crystal-reflected radiation from multilayers de- 
posited on mica. 


Table 1. Long spacings of the acids 


Spacing 

Acid (as Ca salt) (A.) 
cis-Petroselinic 46-8+0-3 
Oleic 47-640-3 
cis-Octadec-11-enoic 47-1403 
Haemolytic 47-1403 


The spacing of the haemolytic acid is identical 
with that of synthetic cis-octadec-11-enoic acid. This 
is in accordance with the results presented in the 
preceding two sections and provides additional 
support for the conclusions reached therein. 

The difference in spacing between cis-petroselinic 
acid and haemolytic acid, though within the experi- 
mental error, was consistently observed in different 
specimens and appears to be real. The results seem 
to indicate that the long spacing of cis-unsaturated 
fatty acids increases as the double bond moves away 
from either end of the chain and reaches a maximum 
in oleic acid where the double bond is centrally 
placed. Evidently the inclination of the chain to 
the normal of the layer plane is at a minimum in the 
case of the acid which has the most symmetrical 
structure. 


SUMMARY 


An X-ray examination of built-up multilayers of the 
haemolytic acid and isomeric cis acids has shown the 
layer spacing of the haemolytic acid to be identical 
with that of cis-octadec-11-enoic acid. 
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The extensive literature on the composition of insect 
blood or haemolymph has been reviewed by Maluf 
(1939), Needham (1942) and Timon-David (1945). 
Sufficient data have been accumulated to show that 
the composition of the blood varies widely not only 
from one insect to another, but also in the same insect 
under different physiological conditions. The present 
study on the blood of Gastrophilus intestinalis de 
Geer larvae was originally undertaken to devise an 
isotonic physiological solution for use in metabolic 
experiments with isolated tissues of this insect. But 
in view of the fact that the blood of a dipterous 
insect has not previously been systematically in- 
vestigated, and that a parasitic form such as Gastro- 
philus might show certain characteristic features, 
the work was extended to cover a wider range of 
biologically interesting substances than required for 
the original problem. 

The life history of Gastrophilus has been sum- 
marized recently by Keilin (1944) and by Keilin & 
Wang (1946), and a full account of its anatomy and 
bionomics, together with a complete bibliography, 
is given by Dinulescu (1932); only a very brief 
description need therefore be given here. 


The free-living adult fly fixes its eggs during the summer 
months to the hairs of the horse, and in about 5-6 days the 
larvae are completely formed. As a result of the horse licking 
itself, hatching is induced, and those larvae which are taken 
into the buccal cavity survive. These first-stage larvae 
penetrate into the tongue and migrate towards the pharynx, 
where they moult and emerge to attach themselves for a 
short period to the pharyngeal mucosa. Subsequently, they 
pass down into the stomach and re-attach themselves to the 
mucosa of the cardiac region. The second moult now occurs, 
and third-stage larvae first appear about September and are 
fully grown by October or November. For the next 7-8 
months, until the following May or June, the larvae take 
little if any nourishment, and their. general metabolism is at 
its lowest (Dinulescu, 1932). This quiescent period, therefore, 
may be likened to diapause in certain free-living forms, and 
it might be expected that under these conditions the com- 
position of the blood would be relatively constant. 
Eventually, the larvae leave the alimentary tract, and 
pupate some inches down in the soil. The adult fly emerges 
in about 20-30 days. 


It is becoming increasingly clear that for the 
analysis of insect haemolymph to have any biological 
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meaning, it is essential to know the age of the insect, 
its physiological state, and the environmental con- 
ditions under which it was kept prior to analysis. 
The age cannot be ascertained accurately for 
Gastrophilus on account of its parasitic habitat, but 
the fact that the larvae used for the present work 
were all in a state of diapause makes any variations 
in age in this particular case relatively less im- 
portant. Certain effects on the blood composition 
of differences in environment are described below. 

On account of the ease with which the larvae may 
be obtained, and the relatively large quantities of 
blood which they yield, 25-30 ml. of haemolymph 
may be collected from about 200 larvae in 1 hr., these 
insects form excellent material for the present type 
of study; but it needs to be emphasized that, from 
a comparative point of view, the extent to which the 
data obtained may be applied to other dipterous 
larvae is quite uncertain. 


EXPERIMENTAL 


Material. Larvae of Gastrophilus were obtained from the 
local knackery. As soon as possible after the killing of a 
horse the stomach was removed and opened up; if larvae in 
sufficient numbers were present, that portion of the stomach 
wall to which they were attached was cut out and placed in 
a large vacuum flask containing water at either 37-38° or 
iced water at 0°. Depending upon this difference in tem- 
perature, larvae will be subsequently referred to as either 
‘warm’ or ‘iced’, respectively. About 30 min. after their 
removal from an infected host the larvae arrived at the 
laboratory, where they were rinsed with either warm or ice- 
cold water, and gently picked off the mucosa with forceps 
taking particular care not to crush the large tracheal cells 
at the posterior end of the body. Mucus and adhering 
particles of grain, chaff, etc., were removed by two or three 
further washings with water and the larvae, dried between 
large sheets of filter paper, were now ready to be bled, or 
could be kept for a few days in a large dish of acidified tap 
water. 

The blood was obtained by making a small incision with 
scissors at the anterior end of the larva and immediately 
dropping them into a funnel covered with fine gauze through 
which the blood drained into a test tube, generally kept on 
ice. When it was necessary to collect haemolymph unexposed 
to air, the incision was made in larvae kept submerged 
beneath a 3 cm. deep layer of heavy paraffin oil in a narrow 
tube. 
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In general, the analyses were begun between | and 2 hr. 
after the larvae had been removed from their host, but, 
nevertheless, marked variations were found in the concen- 
tration of certain of the more labile blood constituents as 
between ‘warm’ and ‘iced’ larvae. This is probably due to 
differences in activity, since at 37° the larvae, when removed 
from the stomach, are very active (particularly so when no 
longer attached to the mucosa), at room temperature they 
show only slow undulating movements, while at 0° they are 
limp and entirely motionless, and generally survive for less 
than 24 hr. 

Analytical methods. The techniques described in the 
literature for use with mammalian blood were applied 
directly to Gastrophilus haemolymph. Robertson & Webb 
(1939) have pointed out the dangers of applying to marine 
invertebrates analytical methods primarily evolved for mam- 
malian tissues, and their criticisms are almost certainly also 
valid in the case of insects. In the present work no special 
study was made of the accuracy of the methods chosen, 
except in so far as in the majority of the determinations 
satisfactory recoveries of added known amounts of the sub- 
stance to be determined were obtained in preliminary 
experiments. 

Total blood nitrogen and non-protein nitrogen (N.P.N.) 
were estimated by micro-Kjeldahl before and after sodium 
tungstate deproteinization. In agreement with the obser- 
vations of Heller (1932) and Leifert (1935) on lepidopteran 
blood, the N.P.N. values were some 5-10% higher when 
trichloroacetic acid (TCA) was used for deproteinization. 
The sodium tungstate filtrate was also employed for «-amino 
N determination in the Van Slyke apparatus, and for amide 
N determination, estimated as the extra NH, formed after 
hydrolysis with 10% (v/v) H,SO,. Na and K were deter- 
mined according to King (1946), Ca by the method of 
Kramer & Tisdall (1921), and the solution remaining after 
twice repeated precipitation of Ca used for the analysis of 
Mg (Greenberg & Mackey, 1932; Greenberg, Anderson & 
Tufts, 1935). Cu and Zn were determined in both whole 
blood and the sodium tungstate filtrates according to Eden & 
Green (1940) and the mixed colour dithizone method of 
Sandell (1944), respectively. S was estimated in the depro- 
teinized filtrate as described by Power & Wakefield (1938), 
Cl was determined according to Sendroy (1937) and P by 
the method of Allen (1940). NH, was estimated in the 
Parnas-Heller apparatus (Parnas & Heller, 1924), and 
similarly urea, as the extra NH, formed by the action of 
urease. For uric acid the method of Brown (1945) was 
employed, the combined fatty acids +sterols were deter- 
mined by Bloor’s dichromate oxidation technique as 
described by Boyd (1931), and bisulphite-binding sub- 
stances by the Clift & Cook (1932) procedure. Analyses for 
lactic acid were carried out by the colorimetric method of 
Barker & Summerson (1941) where, contrary to the directions 
given by these authors but in agreement with Umbreit, 
Burris & Stauffer (1945), it was found essential to cool the 
samples in ice prior to addition of H,SO,. Succinic and citric 
acids were estimated according to Krebs (1937) and Krebs & 
Eggleston (1944) respectively. The total reducing value was 
measured by the Miller & Van Slyke (1936) procedure as 
modified by Bacon & Bell (1948), true glucose being deter- 
mined with glucose oxidase (Keilin & Hartree, 1948), and 
fructose by the Seliwanoff colour (Roe, 1934). The method of 
Mann (1946) was employed for determinations of yeast- 
fermentable reducing values, and that of Genkin (1938) for 
blood glycogen. 
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RESULTS 
General reactions 


The blood of Gastrophilus larvae is a clear, yellowish, 
slightly viscous fluid, of which 0-1—0-15 ml. may be 
obtained from a single fully grown larva. On being 
allowed to stand, either at room temperature or at 
0°, it soon becomes opalescent and gradually forms 
a heavy flocculent precipitate (cf. Keilin & Wang, 
1946). This precipitate, insoluble in either water or 
acids, dissolves readily in dilute alkali to give a 
strongly positive biuret reaction. This change appears 
to be of the type described by Yeager & Knight 
(1933) as blood protein coagulation, and to be in- 
dependent of any blood cells present. On further 
standing in the presence of air, the blood darkens 
from the exposed surface downwards due to the 
formation of melanin. This reaction can be prevented 
by either warming the blood to 60—65° (at a slightly 
higher temperature, 65—70° complete coagulation 
occurred) or by addition of cyanide, both of these 
treatments inhibiting the blood tyrosinase. 

The haemolymph gave all the familiar colour tests 
for proteins, e.g. the biuret, xanthoproteic, Millon, 
Molisch, ninhydrin and Sakaguchi reactions. How- 
ever, the absence of any substances containing sul- 
phydryl groups such as reduced glutathione or 
cysteine, and of tryptophan, was demonstrated by 
consistently negative nitroprusside and bromine 
tests; the diazobenzenesulphonic acid reaction for 
histidine was also negative. Ammoniacal silver 
nitrate was not reduced, indicating absence of 
appreciable amounts of reducing compounds such 
as ascorbic acid or free o- or p-quinols, and no blue 
colour was obtained with the lanthanum nitrate 
test for acetate or propionate. 

The biood of most insects contains suspended cells 
or haemocytes, which generally number some tens 
of thousands/l. (Tauber & Yeager, 1935, 1936). In 
Gastrophilus blood obtained as described above, the 
average of 20 cell counts with the Thoma haemo- 
cytometer gave the extremely low figure of 242 
cells/ul. For the purpose of the present analysis, 
therefore, the blood may be considered as a virtually 
cell-free fluid analogous, for purposes of comparison, 
to mammalian blood plasma. 

The specific gravity of the blood measured with 
a micropyknometer had a value of 1-062, which is 
the highest yet recorded for insect haemolymph. 
The depression of the freezing point, A, measured 
cryoscopically, gave a mean value of —0-872°, 
which corresponds approximately to 0-25m-sodium 
chloride. Samples of blood dried overnight at 110° 
contained on the average 15-7% of solid matter. 
For blood collected at 20° without exposure to air, 
the average pH measured with the glass electrode 
was 6-80, but the actual pH in vivo at 37° is some- 
what lower (Levenbook, 1950). 
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Microspectroscopic examination of a layer of 
blood about 1 em. or more thick showed very faint 
absorption bands near 580 and 545 my.. which 
correspond to the « and f bands for Gastrophilus 
haemoglobin described by Keilin & Wang (1946). 
Whether this haemoglobin is a normal blood con- 
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Chemical analysis j 


The results of the chemical analyses are sum- 
marized in Table 1; unless otherwise stated each 
value is the mean of at least three determinations 
carried out on ‘warm’ larvae. 


mg./100 ml. blood 


Total reducing value, expressed as glucose® 356 

Reducing value after yeast fermentation® 95 

Apparent fructose (‘fructose’)** 280 

True glucose (‘warm’ larvae) 64-5 

True glucose (‘iced’ larvae) 10 

Apparent glycogen (‘glycogen’)* 84-5 

Total N 1850 

Non-protein N 130-1 

Total protein (protein N x 6-25) 10-75 g./100 ml. 
Amino N in sodium tungstate filtrate 93-8 

Amide N in sodium tungstate filtrate 11-5 

NH, (resting value in ‘warm’ larvae) 4-5 

NH, (resting value in ‘iced’ larvae) 1-83 

Uric acid 2-2 

Urea 20-4 

Lipid (fatty acids + sterols) 137 | 
Bisulphite-binding substances, as pyruvic acid 10 

Lactic acid (‘warm’ larvae) 44-5 

Lactic acid (‘iced’ larvae) 12-3 

Succinic acid? 242 

Citric acid 45 

Na 402-5 

K 45 

Ca 11-4 

Mg 38-8 

Cl 52-5 

HCO, at pH 6-8° 88-5 

Total P 109 
Total acid-soluble P (‘iced’ larvae) 81-4 

Inorganic P (‘iced’ larvae) 12-5 

Total S (in TCA filtrate) 9-7 

Inorganic § (in TCA filtrate) 6-8 

Total Cu 0-55 

Cu in sodium tungstate filtrate 0-22 

Total Zn (two estimations) 0-88 

Zn in sodium tungstate filtrate (one estimation) 0-57 | 


@ Levenbook (1947); > Levenbook & Wang (1948); 


© Levenbook (1950). 


* For the true compounds in these cases correct values could not be determined owing to the presence of interfering 
substances which could not be differentiated by the methods employed. For further details see text. 


stituent or was present as a tissue contaminant is 
difficult to determine, but in any case its concen- 
tration is so low, that it cannot have any respiratory 
function. This is confirmed by measurements of the 
oxygen content of the blood which, determined in 
the usual manner in the Van Slyke apparatus on 
samples unexposed to the air, gave a mean value of 
0-15 vol. %. The addition of ferricyanide was with- 
out effect on the values so obtained, and only served 
to produce a semi-solid gummy mass in the ex- 
traction chamber. Further, equilibration of the 
blood samples with air prior to analysis only pro- 
duced small increases in the oxygen content. It is of 
interest that the quantity of oxygen carried by the 
blood appears to be substantially less than would be 
present in an isotonic salt solution (Babers, 1938). 





Reducing value of the blood. In Gastrophilus blood 
the average total reducing value (t.r.v.) of 356 mg./ 
100 ml., expressed as glucose, was lowered by 
60-70 % after yeast fermentation, and accordingly, 
some 210-260 mg./100 ml. might be attributed to 
glucose. Since the time for complete yeast fermen- 
tation of the blood sugar was far longer than would 
have been required to ferment an equivalent amount 
of glucose, and since Mann (1946) had found the 
local brewer’s yeast to ferment fructose much more 
slowly than glucose, the Seliwanoff (1887) colour test 
for ketoses was tried and a strongly positive reaction 
obtained. 

The presence of fructose in Gastrophilus has 
already been reported briefly elsewhere (Levenbook, 
1947), and fuller details are now presented below. 
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Following the procedure of Babers (1941), a pooled sample 
of 5 ml. of blood was used for the preparation of the phenyl- 
osazone; characteristic sheaves of yellowish glucosazone 
crystals were obtained which, following recrystallization 
from ethanol, had m.p. (uncorr.) 205°. For definite char- 
acterization, the 2:3-4:5-di-isopropylidene compound of 
fructose was prepared from the blood after the method of 
Bell (1947) and Bacon & Bell (1948). 

Blood (60 ml.) was centrifuged to remove cellular and 
fatty materials, and deproteinized by the addition of 3 vol. 
acetone. The precipitate was washed with 75 % (v/v) acetone, 
and the combined filtrates evaporated to dryness under 
reduced pressure at a temperature not exceeding 40° in the 
presence of about 1 g. of Hyflo-Supercel. The resulting hard, 
gummy precipitate was dissolved in 50 ml. warm water to 
give an opalescent, light-orange solution. This was treated 
with charcoal, filtered through a sintered glass filter, and the 
clear filtrate evaporated to dryness as above. The residue 
was kept in a high-vacuum desiccator over conc. H,SO, for 
several hours, and the drying completed by refluxing with 
absolute ethanol-benzene (2: 1, v/v) for 2 hr. and evaporating 
off the solvent. On testing the distillate for its Seliwanoff 
reaction, a strong red colour was obtained, the intensity of 
which accounted for about half the Seliwanoff positive 
material originally present in the blood. Since a similar 
distillate obtained by refluxing pure fructose with ethanol- 
benzene gave no trace of a red colour, it was concluded that 
some volatile substance giving a positive Seliwanoff reaction 
other than fructose had been extracted from the blood. 

The dried powder remaining after the above treatment was 
shaken for 6 hr. with 300 ml. dry acetone containing 15 ml. 
of conc. H,SO,. To the dark brown solution so formed, 
anhydrous Na,CO, was added with continuous mechanical 
stirring until the colour changed to pale yellow. The mixture 
was filtered, the precipitate washed with acetone, a few 
drops of 30 % (w/v) KOH added to the combined filtrates, and 
these then evaporated under reduced pressure until some 
10 ml. of a thick, oily brown liquid remained. To this syrup, 
which was only slightly miscible with water and gave a very 
intense Seliwanoff colour, 100 ml. of water were added and 
the mixture distilled under reduced pressure until about half 
the water had passed over. The aqueous layer was then 
decanted and the syrupy residue washed three times with 
small amounts of warm water. The combined aqueous 
portions were acidified, treated with charcoal and filtered; 
on neutralization to pH 9, a gelatinous precipitate gradually 
formed which was removed by centrifugation. The super- 
natant was extracted three times with equal volumes of 
CHCl, , the extract dried with anhydrous Na,SO,, evaporated 
almost to dryness, and isomers of the desired diacetone 
derivative hydrolysed overnight by the addition of 5 ml. 
0-1n-HCl. 

The acid solution was treated with charcoal, filtered and 
neutralized to pH 9, whereupon a gelatinous precipitate 
again formed. This was centrifuged off, the supernatant 
extracted with CHCl, as above and evaporated to dryness. 
A semi-crystalline residue was obtained which, following 
repeated recrystallization from ligroin (b.p. 40-60°), yielded 
18mg. of white crystals of m.p. (uncorr.) 94:5°, mixed 
melting point with an authentic sample of di-isopropylidene 
fructose prepared in the above manner from pure fructose, 
was 94-2°, 

With the kind assistance of Dr S. M. Partridge, additional 
evidence for the presence of fructose in the blood was 
obtained from paper chromatography. Blood was depro- 
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teinized by ethanol-CHCl, treatment, the solvent evaporated 
off and the residue taken up in water. Salts were removed by 
passage through ion-exchange columns, and the chromato- 
grams run in a variety of solvents as described by Partridge 
(1948). Inallcases astrongspot was developed corresponding 
very closely to the position of fructose, generally together 
with a weaker one due to glucose. No other spots were 
obtained, indicating the absence of other reducing sugars or 
related substances. 


It is clear from the above that fructose is un- 
doubtedly present in Gastrophilus haemolymph, but 
the exact amount is uncertain, as will be apparent 
from the following data. 


A very considerable difference exists in the glucose con- 
centration in the blood depending upon whether ‘warm’ or 
‘iced’ larvae are employed (Table 1). If blood was collected 
from ‘iced’ larvae, taking the greatest possible care to cause 
the minimum of tissue damage, and was deproteinized im- 
mediately, the true blood glucose was generally tov low to 
be estimated with glucose oxidase. But for most of the 
present determinations ‘warm’ larvae were used, and in such 
cases a considerable amount of glucose, amounting to 
64-5 mg./100 ml. (mean of nine estimations) was found in 
the blood. Similar considerations apply also to the blood 
‘glycogen’, an alkali-stable material of uncertain structure 
which, on mild acid hydrolysis, had reducing properties and 
which was usually present in the blood of ‘iced’ larvae. The 
bulk, if not the whole of this substance, is not true glycogen, 
since it was scarcely soluble in hot water, did not give a 
typical brown colour with I, and did not yield glucose (as 
tested with glucose oxidase) after hydrolysis. It was present 
to the extent of 10-20 mg./100 ml. calculated as glucose. 
However, the value for ‘glycogen’ in the blood of ‘warm’ 
larvae as generally collected, was considerably higher, in the 
range of 40-127 mg./100 ml., and this included true glycogen 
as judged by the criteria enumerated above. The differences 
in the glucose content, therefore, are most probably due to 
the action of the powerful blood diastase (Kemnitz, 1916; 
Roy, 1937) acting upon glycogen either already present in 
the blood, or introduced artificially through tissue damage. 

A non-fermentable fraction of the t.r.v. was found in all 
the samples of blood examined, the amount varying from 
33 to 200 mg./100 ml. expressed as glucose. The sum of 
glucose + non-fermentable reducing substances from ‘warm’ 
larvae amounted to, on the average, 160 mg./100 ml., the 
difference between this figure and the average t.r.v. of 
356 mg./100 ml. (i.e. 196 mg./100 ml.) presumably being 
accounted for by fructose. But the actual concentration of 
‘fructose’ in the blood, as determined by the intensity of the 
resulting Seliwanoff colour (Roe, 1934), was 280 mg./100 ml., 
thus showing a discrepancy of 84 mg./100 ml. as compared 
with the calculated value. 

Whilst any error in the determinations of glucose and non- 
yeast-fermentable reducing substances is probably small, the 
Roe method would appear to overestimate considerably the 
amount of true fructose present in Gastrophilus blood. 
Impossibly high values for true fructose (i.e. expressed as 
‘fructose’), almost equal to, or on occasion even exceeding 
the t.r.v., were not infrequently obtained (Table 2). It may 
be noted in this connexion that following complete yeast 
fermentation, a positive Seliwanoff reaction was never 
obtained, and that added fructose was satisfactorily re- 
covered either by its Seliwanoff colour or by reducing value 
(Table 2); this incidentally confirms the observation of 
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Table 2. Total reducing value (t.r.v.), yeast-fermentable reducing substances, ‘fructose’ 
and recovery of added fructose determinations on Gastrophilus blood 
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Exp. no. 
1 T.r.v. of Gastrophilus blood =) 
‘Fructose’ (Roe method) 3251 
Non-yeast-fermentable reducing value 92 | mg-/100 ml. 
Excess ‘fructose’, excluding any glucose undoubtedly present 95 
2 T.r.v. of Gastrophilus blood a) 
‘Fructose’ 261 
Above sample with 50 mg. fructose/100 ml. added: ‘ape mil. 
Tv. 350 
Fructose recovery measured by reducing value 96% 
Total fructose (i.e. ‘fructose’ + added fructose) estimated by 308 mg./100 ml. 
Seliwanoff colour 
Fructose recovery by above method 95% 
3 T.r.v. of 2 ml. yeast-fermented blood 0-164 mg. as glucose 


‘Fructose’ 


No reaction 


A similar 2 ml. fermented sample + 0-2 mg. fructose added: 


Lr. 


Fructose recovery by reducing value 
Fructose estimated by Seliwanoff colour 
Fructose recovery by Seliwanoff colour 


Bacon & Bell (1948) that fructose has the same reducing 
value as glucose when determined by the Miller & Van 
Slyke (1936) method. 

The presence in the blood of some substance which inter- 
feres in the determination of fructose by the Roe method 
would also account for two other observations. Thus, fol- 
lowing deproteinization with Cd(OH),, it was found neces- 
sary to wash the precipitate four to six times before the 
washing fluid no longer gave a positive Seliwanoff reaction; 
true fructose is quantitatively extracted in at the most two 
washings. Then, in the preparation of the diacetone fructose 
derivative described above, the final yield was only about 
one-tenth of that to be expected if the whole of the Seliwanoff 
colour in the blood were due to fructose. 

The absence of phosphorylated fructose which, together 
with a variety of other keto compounds, might give positive 
Seliwanoff colours is shown in Table 3. Any phosphorylated 
fructose would be precipitated by the addition of excess 
barium acetate and 4 vol. ethanol to a neutralized (pH 8) 
TCA blood filtrate (Umbreit et al. 1945). 


Table 3. Absence of phosphorylated fructose in 
Gastrophilus blood 


mg./100 ml. 
as glucose 
T.r.v. of blood sample 359 
‘Fructose’ 312 
‘Fructose’ in supernatant after pre- 306 
cipitation with barium acetate and 
ethanol 
‘Fructose’ in precipitate from above 1-5 


Free amino-acids in the blood 


A high value for free amino-acids has invariably 
been found in insect haemolymph, and the nature of 
these amino-acids in Gastrophilus has been investi- 
gated by paper chromatography as follows. 

Blood was diluted with an equal volume of water, and 
deproteinized with either sodium tungstate or by ethanol- 
CHCl, treatment. With either method the results were the 
same, but the latter produced sharper chromatograms, 





0-355 mg. as glucose 
96%, 

0-196 mg. 

98% 


possibly owing to the absence of added salts. The extract 
was evaporated to dryness in a vacuum desiccator and the 
residue taken up in a minimum of water. The aqueous 
solution was then analysed by two-dimensional paper 
chromatography (Consden, Gordon & Martin, 1944), using 
n-butanol-acetic acid-water (Partridge, 1948), followed by 
phenol in an atmosphere of coal gas and NH, as solvents. 
Following the recommendation of Dent (1948), a portion of 
each sample was hydrolysed with approx. 6N-HCl in a sealed 
tube for 2-3 hr. at 150°, and the hydrolysate evaporated to 
dryness and redissolved in a minimum of water. The un- 
treated and hydrolysed samples were then run simul- 
taneously on sheets of Whatman no. | filter paper, and the 
position of spots due to peptides or amides thereby de- 
finitely localized. 


The data obtained from the chromatography of 
Gastrophilus haemolymph, together with that from 
other insects, is presented in Table 4. For Gastro- 
philus some thirteen free amino-acids and four poly- 
peptides were found, and despite occasional minor 
variations, this picture was rather constant for the 
different batches of larvae examined. 

Special interest attaches to two spots on the 
chromatograms, the intensity of which was far 
greater than any of the others. The first of these is 
due to glutamine, and its identity is proved by the 
following facts. (1) The most noticeable changes 
after acid hydrolysis were the disappearance of the 
strong glutamine spot and certain weaker (peptide) 
spots, and the appearance of a strong spot in the 
position of glutamic acid together with weaker spots 
corresponding to aspartic acid, histidine and 
threonine. Other pre-existing spots, noticeably 
lysine, were intensified after hydrolysis. It may 
therefore be concluded that conjugated amino-acids 
gave rise to free amino-acids on hydrolysis. (2) The 
glutamine spot disappeared and was replaced by 
an equally intense one due to glutamic acid after 
very mild treatment, i.e. heating at pH of approx. 6 
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Table 4. Free amino-acids in insect haemolymph 


(The presence or absence of an amino-acid is denoted by + or — respectively. ? denotes that the result is only tentative.) 


Gastrophilus 
intestinalis Calliphora Calliphora 
—__—.__ Melo- Oryctes Dytiscus Aeschna- erythro-  erythro- _—‘Phalera 
Before After lontha nasi- margi- cynea cephala  cephala bucephala 
Amino-acid hydrolysis hydrolysis vulgaris¢ cornis* _nalis® nymph* larvat pupa’* pupa’* 
Glycine + + -? -? 4 te fe h f 
Alanine +? +? +? + ++ + + + 
B-Alanine ‘ a 
Valine + + + + - + + + 
Leucine and/or > ++ + + - - = 
isoleucine 
Serine + + +? +? 4+? a + 2 
Threonine - - d , + 
Proline = -? -? + + be + 
Hydroxyproline - - ++ ++ = a 
Phenylalanine + + : ~ + 
Tyrosine + + ++ = he he 4 de + + 
Tryptophan - - + +? = ; , - - 
Lysine + > ag i + is 
Arginine = = cs + - Ss } - 
Histidine - = + + £ a - 
Methionine ~ - = + = 
Cystine or - - = es J A 
cysteine 
Aspartic acid } ~ - - ns + 
Gittnenie aaa | Trace x’ | Trace Trace ° 4 + +t a 
Asparagine - - + ~ 
Glutamine r+ - ++ ++ +?f + wre 
Taurine +? +? ° ‘ + = 
Polypeptide ++ - + = ¥ + 
Hydroxyphenyl ++ ++ ‘ 


amino-acid 


@ Ussing (1946); ° Florkin & Duchateau (1942); ° Raper & Shaw (1948); ¢ Finlayson & Hamer (1949); * Agrell (1949). 
* These data are for the whole pupa extract, but the amino-acids are probably fairly equally divided between the 


pupal fluids and tissues (cf. Heller, 1932). 


{ Probably formed from some labile precursor (Agrell, 1949). 


for 2 hr. at 100°; this is typical for glutamine 
(Vickery, Pucher, Clark, Chibnall & Westall, 1935). 
(3) The enzymic method employed for its estimation 
(Krebs, 1948), which appears to be entirely specific 
for glutamine, was applied and the glutamine con- 
tent of the blood of three species of insects, as found 
by this technique, is given in Table 5. By this 


Table 5. Concentration of glutamine in insect blood 


No.of Glutamine 
Species samples (mg./100 ml.) 
Gastrophilus intestinalis, 3rd instar 4 98-6 
larva 
Arctia caia (Lep.) larva, shortly 2 302 
before the pupal moult 
2 89-5 


Calliphora erythrocephala (Dip.), 
fully grown 3rd instar larva 


method, very little or no free glutamic acid was 
found, thus confirming the evidence of the chroma- 
tograms. The glutamine content of 98-6 mg./100 ml. 
agrees reasonably well with the value calculated 
from the amide nitrogen figure, assuming the whole 
of this is due to glutamine; the approx. 11-5 mg./ 


t Personal communication. 


100 ml. amide nitrogen found in the blood would be 
formed after hydrolysis from some 119 mg./100 ml. 
of glutamine. It may be noted also that Ussing 
(1946) found 150 and 196 mg./100 ml. of glutamine 
in two species of beetles. 

The second intense spot obtained from the Gastro- 
philus chromatograms is referred to in Table 4 as 
hydroxyphenyl amino-acid, and has not yet been 
identified; both on single- and two-dimensional 
chromatograms its R, value is very close to that of 
alanine, which has prevented the certain identifi- 
cation of the latter. That the spot is not due to 
alanine has been demonstrated as follows. Bands, 
as opposed to spots of the amino-acid concentrate, 
were run on large sheets of filter paper in one 
direction using n-butanol-acetic acid-water. After 
16—18 hr. the paper was dried, the band due to the 
unknown material (located on the paper by its 
fluorescence in ultraviolet light) cut out, and eluted 
off the paper with water. The solution so obtained 
was presumably pure, and was found to absorb 
strongly in the ultraviolet as measured in the Beck- 
man spectrophotometer (Table 6), and to be rapidly 
oxidized by the tyrosinase present in Gastrophilus 
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blood. Alanine does not absorb in the ultraviolet, 
and is not attacked by tyrosinase. 


Table 6. Absorption maxima of the unidentified 
amino-acid from Gastrophilus blood 


pH Absorption maxima (my.) 
1 265 
6 270 

10 283 


The absorption figures (Table 6) are similar to 
those of other hydroxyphenols, e.g. tyrosine 
(Holiday & Ogston, 1938), 3:4-dihydroxyphenyl- 
alanine (DOPA) (see Mason, 1948, for references), 
and since the R, value in n-butanol-acetic acid- 
water was closer to that of DOPA than of tyrosine, 
it is tentatively inferred that two hydroxyl groups 
are involved. However, none of the colour tests 
employed for characterizing phenols, e.g. those with 
ferric chloride, Millon’s reagent, Liebermann’s potas- 
sium nitrite-sulphuric acid and Pauly’s diazobenzene- 
sulphonic acid were positive. In addition, no red 
colour was obtained following oxidation of blood 
filtrates with iodine, which thus excludes the presence 
of either DOPA or adrenaline (Evans & Raper, 1937; 
Schild, 1933), and the unknown substance differed 
from DL-2:5-dihydroxyphenylalanine (Neuberger, 
1948) in its R, values and the rate of oxidation by 
the blood tyrosinase. The nature of this compound 
is therefore uncertain. 

The tyrosine content of the haemolymph was 
estimated by the tyrosine decarboxylase method of 
Gale (1945), which is considerably more specific than 
the usual colorimetric techniques. The mean of three 
series of estimations gave a tyrosine content of 
25 mg./100 ml. 


Phosphorus compounds 


The true inorganic phosphorus level in Gastro- 
philus blood can only be obtained by using ‘iced’ 
larvae with due precautions to keep the TCA blood 
filtrate cold until neutralized. Inorganic phosphorus 
values from ‘warm’ larvae, or of blood that had been 
allowed to stand at room temperature for 15—20 min. 
before deproteinization, were up to four times as 
high as those for ‘iced’ larvae. This is probably due, 
at least in part, to the presence of a very active blood 
phosphatase which was demonstrated by the rapid 
liberation of inorganic phosphorus from added 
adenosinetriphosphoric acid (ATP), and whose 
action could largely be inhibited by fluoride. The 
greater part of the phosphorus esters representing 
the difference between the inorganic phosphorus and 
the total acid-soluble phosphorus (about 70 mg./ 
100 ml.) was not hydrolysed after 3 hr. in N-hydro- 
chloric acid at 100°. The amount of easily hydro- 
lysable phosphorus esters is small, as shown in Fig. 1; 
the values would probably have been a little higher 
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if ‘iced’ larvae had been employed. From three such 
hydrolysis curves the values calculated for the 
categories of hydrolysable phosphorus esters in the 
blood are shown in Table 7. Since the phosphorus 
compounds have not been investigated further, any 
more precise description of their nature is at present 
unwarranted. 
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Fig. 1. Hydrolysis of P esters from Gastrophilus blood 
in N-HCl at 100°. 


Table 7. Hydrolysable phosphorus esters in 
Gastrophilus blood 
(Py=inorganic P, P;, Ps9, Pgo, and Pygo indicate the 
amount of inorganic P liberated by acid hydrolysis after 
7, 30, 60 and 180 min.) 


(mg./100 ml.) 
Po 22-8 
7— Po 2-4 
P59 — P, 1-7 
Poo — Pao 15 
180 ~ Peo 1-1 
total acid-sol. ~ Piso 49-9 


Lactic acid 


Lactic acid was another substance, the concen- 
tration of which changed with temperature. At 
either 0 or 37° the variation in lactate was high, 
12-3 mg./100 ml. (s.p. + 9-3 mg./100 ml.) at 0° and 
44-5 mg./100 ml. (s.p.+ 15-9 mg./100 ml.) at 37°. 
Thus the values obtained from the active ‘warm’ 
insects were three to four times higher than those 
from immobile larvae. The concentration of other 
organic acids, e.g. succinic (Levenbook & Wang, 
1948) and citric acids, was but slightly, if at all, 
affected by temperature. 


Ammonia 


In their investigations on the ammonia content 
of the blood in certain aquatic invertebrates, Florkin 
& Frappez (1940) found that the resting ammonia 
levels for the beetles Dytiscus and Hydrophilus were 
extremely low, but increased rapidly after shedding 
the blood, whereas in the crayfish the ammonia 
content of the blood as drawn was already relatively 
high, and there was no further increase on standing. 
A similar investigation on Gastrophilus haemolymph 
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was complicated by the fact that it was not possible 
to employ the Conway (1947) diffusion technique 
as used by the above authors; all the salts recom- 
mended by Conway caused coagulation of the haemo- 
lymph, and determinations were therefore made by 
distillation in the Parnas-Heller apparatus. 

The resting ammonia values in the blood of either 
‘warm’ or ‘iced’ larvae increased rapidly on being 
allowed to stand at room temperature, but the 
initial level was considerably lower in the latter. In 
either case the final value about 1 hr. after shedding 
was approximately the same although, as shown in 
Fig. 2, the rate of increase was different. There was 


ao 


Ammonia N (mg./100 ml.) 
a 





0 20 40 60 
Time (min.) 
Fig. 2. Formation of NH, in Gastrophilus blood allowed to 


stand at room temperature. @—@, ‘warm’ larvae; 
O—O, ‘iced’ larvae. 


no increase in the resting ammonia level if the blood 
was collected and allowed to stand for up to 15 min. 
under a layer of 10 cm. of heavy paraffin oil. The 
labile precursors responsible for the ammonia forma- 
tion are at present unknown. 


DISCUSSION 


The interesting features in the composition of Gastro- 
philus haemolymph may be presented best by a 
comparison with the blood of other species, and with 
human plasma, on which a great deal of careful 
analytical work has been performed. 


Osmotic pressure and mineral content of 
Gastrophilus blood 


The mineral content of Gastrophilus blood has no 
outstanding features as compared with other species. 
Thus the value for sodium was high and that for 
potassium low, which agrees with the general finding 
of Boné (1944) that in terrestrial insects potassium 
exceeds sodium in the haemolymph of phytophagous 
species, while the converse is true for carnivorous or 
haematophagous forms. The sodium content in 
Gastrophilus is only slightly higher, and the potas- 
sium content about twice as high as in human 
plasma. But the calcium content, about the same 
as for plasma, is distinctly lower than in most other 
insects, whereas the magnesium, which is about the 
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same as found in various Lepidoptera, is over twelve 
times that present in human plasma. Marine in- 
vertebrates excepted, a high magnesium content in 
insect haemolymph is characteristic of the class, but 
the state of this electrolyte, as indeed of all the 
others, is quite unknown, and an investigation would 
undoubtedly be difficult. Thus to consider only cal- 
cium and magnesium, both of these can form un- 
ionized combinations with proteins, amino-acids, 
carbonate, phosphate, succinate and citrate, all of 
which are present in Gastrophilus blood. Values for 
the dissociation constants of such complexes have 
been worked out for mammalian blood, but it is, 
nevertheless, still uncertain what proportion of these 
cations is in the free ionized form. Since the general 
constitution, and particularly the nature of the 
proteins (Florkin & Duchateau, 1943) of insect blood, 
is different from that of the mammal, it would appear 
to be premature to apply to the former the equations 
expressing the ionic interrelationships existing in 
the latter (see, for example, Conway, 1945). 

In mammalian plasma two-thirds of the total 
cations are maintained at electroneutrality by the 
predominant chloride anion. For insect haemo- 
lymph in general, and Gastrophilus in particular, the 
position is quite different. In the silkworm, Bialas- 
zewicz & Landau (1938) found chloride to account 
for 12-18 % of the total blood base, while Bishop, 
Briggs & Ronzoni (1925) postulated the presence of 
organic acids to make up for the deficit of anions 
which they found in bee larva blood. The picture for 
Gastrophilus is shown in Table 8, where the major 
ionic constituents have been recalculated from 
Table 1 on the basis of a water content of 85% in 
m-equiv./l. of water. 


Table 8. Anion-cation balance in Gastrophilus 


blood 

Cations m-equiv./l. water 
Na* 206 
Kt 13 
Ca** 7 
Mg** 38 
Sum of cations 264 

Anions 
clr” 17 
HCO, (pH 6-8) 17 
so, 6 
Phosphate (assuming each mol. of 40 
total P binds 1 equiv.) 

Proteinate— 17 
Succinate — 48 
Citrate 8 
Lactate™ 2 
Sum of anions 155 


The figures in Table 8 have been calculated to the 
nearest m-equiv. and, particularly in the case of 
proteinate and phosphate, are to be considered as 
a first approximation only. They do show, however, 
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that chloride amounts to less than 7 % of the total 
base, whereas organic acids represent about 22%. 
It is clear that there is a large deficit of anions 
amounting to some 110 m-equiv.; this is probably 
to be explained by the considerable proportion of 
undissociated bivalent base, a small amount of base 
bound by amino-acids and other acidic substances 
still to be detected. 





Reducing substances in Gastrophilus blood 


The t.r.v. of mammalian plasma is predominantly 
due to glucose and its value is relatively constant. 
In insect blood the t.r.v. varies widely, not only from 
one species to another, but also in the same insect 
at different stages of its life history as shown by 
Levenbook (1947) for Gastrophilus, Demjanowski & 
Prokoffjewa (1935) and Florkin (1937) for the silk- 
worm, and by other workers. Further, glucose is 
only of minor importance in insects, since the greater 
part, generally over 70%, of the t.r.v. is not fer- 
mentable by yeast. However, incubation of Gastro- 
philus blood with yeast produces a very substantial 
decrease in the t.r.v., but the substance fermented is 
not glucose but fructose, together with one or more 
substances giving a positive Seliwanoff reaction. 
Fructose is absent from the blood of other insects 
(Levenbook, 1947) and this is another demonstration 
of the irregular distribution of this sugar in animal 
tissues. Fructose is, for example, found in various 
embryonic fluids and foetal blood (Needham, 1942; 
Bacon & Bell, 1948), in seminal plasma (Mann, 1946) 
and in the reproductive organs of the male locust 
(Humphrey & Robertson, 1949), but is not normally 
present to any extent in the blood of the adult 
mammal. The function of the fructose in Gastro- 
philus is still under investigation, but it is of interest 
that the sugar gradually disappears during pupation, 
and that the larval glycogen is composed of the 
usual glucose, and not fructose, units. 


Amino-acids 


The «-amino nitrogen content (93-8 mg./100 ml.) 
of Gastrophilus haemolymph is relatively low as com- 
pared with other insects, but it is still about twenty 
times greater than the concentration of free amino- 
acids in mammalian plasma. Florkin (1949) con- 
siders that ‘the osmotic pressure of insect blood is 
to a significant extent largely maintained by the 
presence of a high concentration of free amino-acids’ 
and suggests that this is a biochemical characteristic 
of insect haemolymph, and as such it should also 
apply to Gastrophilus. To what extent this is so may 
be seen from the following. 

As shown in Table 4, the concentration of basic 
amino-acids arginine, lysine and histidine is low in 
this insect, and the isoelectric point of the remainder 
is not far removed from the pH of the blood. Hence 
the bulk of these acids is in the form of free ‘zwit- 
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terions’, *NH,.R.COO, the osmotic effect of which 
is comparable to that of a non-electrolyte. It may 
be assumed that each atom of amino nitrogen is 
equivalent to a molecule of amino-acid, correspond- 
ing to a molar A value of — 1-86°. The presence of 
considerable amounts of free glutamine necessitates 
a small correction. Hamilton (1945) showed that 
some 80 % of the amide nitrogen of glutamine reacts 
as «-amino nitrogen in the Van Slyke manometric 
method. Since the glutamine content has been 
determined in the present case, this effect may be 
allowed for by subtracting approx. 7 mg./100 ml. 
from the 93-8 mg./100 ml. of total amino nitrogen. 
The A value due to amino-acids is then calculated as 
— 0-87 (g. amino nitrogen/l.) x 1-86/14= —0-115°, or 
only some 13 % of the total osmotic pressure. But it 
is relevant in this connexion that Bishop e¢ al. (1925) 
found a known mixture of amino-acids to give a A 
value over twice that computed on the basis of the 
above assumptions, so that in most insects with their 
considerably higher free amino-acid content, these 
acids may well play a major part in maintaining the 
osmotic pressure. 

In comparing the nature and distribution of the 
amino-acids in insects, it would appear from Table < 
that glycine, alanine (probably), valine, leucine or 
isoleucine, serine, proline, tyrosine, arginine, lysine, 
glutamine and polypeptides occur in the blood of 
most, if not all, insects; the dicarboxylic acids, 
threonine, phenylalanine, histidine, tryptophan and 
asparagine are either less widely distributed or else 
are present in traces, whereas methionine has only 
been found occasionally in one species and cyst(e)ine 
is apparently absent. In view of the high concen- 
trations of glutamine found in the blood of different 
species as reported in the present work, it is of 
interest that this substance accounts for 18-25 % of 
the total «-amino nitrogen in mammalian plasma 
(Hamilton, 1945). 


The nature of the unknown phenolic 
amino-acid 


It has been shown above that an intense, un- 
identified chromatogram spot assumed to be a 
phenolic amino-acid is a major constituent in 
Gastrophilus blood, and it is considered to be of 
special significance for the following reason. Pryor 
(1940) and Pryor, Russell & Todd (1947) have 
shown that the darkening and hardening (tanning) 
of insect cuticle is due to the action of a phenolase on 
an o-dihydroxyphenol, and it was suggested that 
the phenol was produced by the deamination of 
blood DOPA, itself formed enzymically from tyro- 
sine. However, Lafon (1943) concluded that tyro- 
sine was not the phenolic precursor, whereas 
Fraenkel & Rudall (1947) presented evidence that 
it was. Now it has been demonstrated that DOPA 
is absent from Gastrophilus blood, and the tyrosine 
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content is far less than was found by Fraenkel & 
Rudall (1947) and by Finlayson & Hamer (1949) in 
the blood of two other dipterous larvae. The former 
authors gave values of over 0-5 %, and should these 
be confirmed by a different method, the question 
would arise as to how such a high concentration 
could be obtained since the solubility of tyrosine in 
water at 25° and physiological pH is less than 
0-05 %. Their results could be explained, however, 
if some other more soluble phenolic amino-acid, also 
present in the haemolymph and giving a similar 
colour reaction, had been estimated together with 
the tyrosine. Despite the finding that the phenolic 
amino-acid from Gastrophilus blood did not give a 
positive Millon reaction after chromatographic 
isolation (for which a variety of explanations might 
be offered), the fact that only phenolic substances 
have been found to be rapidly oxidized by insect 
tyrosinase, the close similarity between the absorp- 
tion curve of this material and other phenols and 
the strong ninhydrin reaction, all point to the 
possibility of this substance being the phenolic pre- 
cursor in Gastrophilus. In addition, the chromato- 
gram spot, always strong, becomes intensified 
shortly before pupation, which agrees with this view. 
As the R, values of this amino-acid and of alanine 
are very close, the high concentration of the latter 
in the blood of Calliphora as reported by Finlayson 
& Hamer (1949) might well repay further study. 


Urea and uric acid 


In Gastrophilus blood the concentration of urea is 
the highest, and that of uric acid the lowest yet 
recorded for insect haemolymph; the values 
obtained are similar to those for mammalian plasma. 
These are probably environmental adaptations, 
especially as there is no necessity for the conser- 
vation of water. In considering the view that ‘the 
very high uric acid content of the blood is a char- 
acteristic of insects which distinguishes them from 
all other invertebrates’ (Florkin, 1949), it may be 
pointed out that Drilhon & Florence (1946) have 
presented spectrophotometric evidence that in the 
blood of Lepidoptera the so-called uric acid is not 
in fact this trinydroxypurine, but some as yet un- 
determined substance and the presence of true uric 
acid in insects would appear to require further 
investigation. 


Physiological salt solution for insect tissues 


Krebs & Henseleit (1932), in designing their 
widely used mammalian physiological salt solution, 
based its ionic composition on the analytical data 
for mammalian plasma. Although a number of salt 
solutions for use with insect tissues have been sug- 
gested, only that of Bishop e# al. (1925) has borne any 
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relation to the composition of the haemolymph of 
the insect for which it was devised. 

From the data of Table 1 this has now been attempted for 
Gastrophilus, and a solution having a concentration of Na, 
K, Mg and Cl similar to that in the blood has been prepared. 
Phosphate was employed as the principal anion, and Ca 
was omitted, as it was found to have a deleterious effect on 
the insect tissues in vitro. This solution had the following 
composition: NaCl, 0-1 g.; Na,HPO,, 1-1 g.; NaH,PO,.2H,0, 
0-53 g.; KH,PO,,0-15 g.; MgSO,.7H,0, 0-4 ¢.; distilled water 
to make up 100 ml. In certain cases 0-048 g. of anhydrous 
NaHCO, was added and CO, from the cylinder bubbled 
through the solution for 30 min. prior to use. The pH was 
6-70 in the first case, and 6-65 in the second. The osmotic 
pressure could not be measured eryoscopically on account of 
the precipitation which occurred when the solution was 
supercooled, but A was calculated to be about 0-65° which 
makes this medium rather hypotonic compared with haemo- 
lymph. However, increasing the salt concentration had 
little, if any, effect on the in vitro endogenous O, uptake of 
the insect tissues when suspended in these solutions. On 
allowing the solution to stand at room temperature for 
24-36 hr., insoluble magnesium polyphosphate precipitated 
out. The medium was therefore made up in bulk without 
either the MgSO, or the bicarbonate, and these salts added 
in the required proportion to a sample on the day of use. 
Experiments involving the use of this solution will be pre- 
sented in a future publication. 


SUMMARY 


1. The general properties, certain physical char- 
acteristics and a quantitative investigation of the 
inorganic and organic constituents of Gastrophilus 
intestinalis haemolymph are presented. 

2. The presence of fructose in the blood has been 
demonstrated, together with one or more unidenti- 
fied reducing substances which give a positive 
Seliwanoff reaction and are destroyed by yeast 
fermentation. 

3. The nature of the free amino-acids in the blood 
has been investigated by chromatography, and the 
results compared with those from other insects. 
Glutamine has been estimated quantitatively in the 
blood of a number of species, and this amide, 
together with an unidentified phenolic amino-acid 
which is probably of importance in the darkening 
and hardening of the cuticle, are the major amino- 
acid constituents in Gastrophilus haemolymph. 

4. It is shown that in the maintenance of electro- 
neutrality, chloride accounts for 7 % and the organic 
acids so far determined for 22% of the total base. 
A considerable deficit in anions was found. 

5. On the basis of the present analyses, a physio- 
logical Gastrophilus saline solution has been devised 
for metabolic experiments on tissues from this 
insect in vitro. 


I should like to thank Prof. D. Keilin, F.R.S., for his 
interest and advice in the present work, and the Agricultural 
Research Council for a research grant. 
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An Outer Metabolic Region of the Yeast Cell 


By E. J. CONWAY anp MARY DOWNEY 
Department of Biochemistry and Pharmacology, University College, Dublin 


(Received 8 November 1949) 


During fermentation with baker’s yeast, free suc- 
cinic acid appears rapidly in the suspending medium 
(Conway & Brady, 1947). With 1 part of washed 
centrifuged yeast to 0-6 part of 5% (w/v) glucose, 
forming a mixture with approximately 0-8 part of 
cells to 0-8 part of external fluid, about 40 m-equiv. 
of succinic acid per kg. cells diffuse out within 
30 min., the pH of the suspending fluid falling to 
about 3. If the succinic acid diffused throughout the 
yeast cell, then under such conditions the total 
succinic acid plus succinate within the cells should 
be much higher than outside; but it is found to be 
about one-tenth of the external value. 

When resting cells are suspended in 0-2M-succinic 
acid the same relation holds. For the resting cells 
the ratio of the inner to outer concentrations using 
(-2M-acid is only a little increased beyond the level 
in fermentation, and it does not alter significantly 
over many hours. Such succinic acid, though not 
diffusing appreciably into the whole cell, yet enters 
some real space therein. Inulin does not enter this 
region, neither do peptone, used by Montgomery & 
White (1945) to determine the intercellular space, 
nor gelatin. The bivalent ions of succinic acid appear 
debarred, and the space can be regarded as having 
inner and outer membranes with different perme- 
abilities. 

The view that free succinic acid, which must be 
formed in the cell, is prevented from diffusing back- 
wards by some energetic process without a membrane 
barrier, may be shown to be untenable from the 
rapidity of the diffusion under such circumstances 
and the magnitude of the required energy. 

This is in no way opposed to the view that the 
succinate ion may be carried from within the cell 
outwards across the inner membrane of the outer 
region, by a process involving the expenditure of 
energy, combined with a special redox carrier. 
Evidence for such a process is being presented in a 
subsequent communication. 

Such data related to succinic acid diffusion, and 
many other facts of a similar kind, are here presented 
as showing the existence of an outer metabolic 
region of the yeast cell (Conway & Downey, 1948), 
and for an approximate determination of its volume ; 
also for the view that the region may be identified 
with the cell wall. i 

In relation to this outer region, and in a pre- 
liminary way, the permeability of the cell to some 


groups of substances of physiological importance 
have been examined, this study being related to that 
on acid production described in subsequent papers. 


METHODS 


Yeast suspensions. Baker’s yeast was washed by suspend- 
ing 0-5 kg. in 41. of tap water and centrifuging, the pro- 
cedure being twice repeated, and the final centrifuging con- 
tinued for 20 min. at about 3000-4000 rev./min. The centri- 
fuged yeast was then suspended in an equal volume of fluid, 
or, very occasionally, strongly pressed to extrude most of the 
extracellular fluid, the resulting yeast being free from sticki- 
ness and crumbling easily to a powder. Such pressed yeast 
was found to contain about 0-5 g. interspace water per 
100 g. 

Haematocrit determinations. The following simple haemato- 
crit was found useful. Into a thick-walled glass capillary 
tube of uniform bore and of suitable length for the centrifuge, 
the suspension was sucked by a soft rubber teat attached to 
one end. The column of fluid was sucked to within 3-4 cm. 
distance from the top of the tube. The latter was now with- 
drawn from contact with the solution, the column of fluid 
being maintained roughly at the same level, held horizontally 
and the rubber teat detached. Semi-molten solid paraffin 
was then pressed into the dry end to about 0-5-1 em. length 
and the paraffin melted by holding the end of the tube, still 
held horizontally, over a hot plate. Cooling the end of the 
tube still in the same position, under the tap, the paraffin 
solidifies. On centrifuging up to 3000-4000 rev./min. the 
paraffin is not dislodged, and the space between fluid and 
paraffin is obliterated. The arrangement functions as a 
simple and accurate haematocrit. Immersion in boiling 
water and cleaning with ethanol and ether restores the tube 
for further usage. 


Determination of solutes in the suspending fluid 
before and after mixing 


Titration method. In the first group of experiments 
described, the suspending fluid contained only an organic 
acid in 0-2m concentration. An electrometric titration of the 
suspending medium, reckoning the difference in titre be- 
tween the two pH levels on each side of the region of 
maximum buffering, gave a sufficiently accurate measure of 
the substance. Blank titrations with water as suspending 
fluid were carried out, and were found to be comparatively 
negligible. 

Gravimetric method. When washed centrifuged yeast is 
mixed with an equal volume of tap water, allowed to remain 
in contact 30 min. and centrifuged, then 5 ml. of the centri- 
fuged fluid taken and dried, an average weight of only 
0-8 mg. was found, but occasionally 2-3 mg. When mixed, 
say with 3% inulin, over 100 mg. are obtained. It is obvious 








348 


that such a method provides an easy and accurate procedure 
for measuring the inulin space and may be used with other 
solutes besides inulin; with peptone and gelatin for example, 
also with non-fermentable sugars, a suitable allowance being 
made in the latter case for water abstracted from the washed 
yeast cells on suspending in the solution. Apart from such 
titration and gravimetric methods, various special methods, 
were used, and the following may be mentioned. 

Succinic acid. This was, in some instances, determined by 
the succinoxidase method (Weil-Malherbe, 1937; Krebs, 
Smyth & Evans, 1940). 

Chloride. This was determined by microdiffusion methods 
(Conway, 1947). 

Reducing sugars. These were determined by the well- 
known Bertrand method, comparison of reduction values 
before and after mixing with yeast being all that was 
required, 

Inulin. Apart from the gravimetric method this was also 
determined by the method of Steinitz (1938). 

Peptone. This was determined by the Kjeldahl incineration 
with microdiffusion procedure (Conway, 1947) for the NH. 

Glyceric acid. This was determined in a number of experi- 
ments by the colorimetric method of Rapoport (1937). 

Sodium. This was determined by a method based on the 
precipitate formed by zinc uranyl-acetate, as previously 
described for tissues (Boyle & Conway, 1941). 

The pH values of mixtures, suspending fluids, etc., were 
determined by the Beckman glass electrode. 


RESULTS 
Intercellular space 


A knowledge of the fluid volume surrounding the 
yeast cells, before they are suspended in a solution, 
is required for measuring the quantitative entrance 
of the solute into the cells. If the yeast is suspended 
in the solution in the*proportion of 1 kg. of yeast to 
11. of solution, the intercellular space in the yeast be- 
fore suspending (SS) is given as |./kg., by the relation 
S{C/Cn—1)+ 6p M2) 
Here C, is the original concentration of solute in the 
solution and C,,, the concentration after mixing. 

Inulin space. Inulin, and some other substances 
investigated, gave the least value for this space. For 
baker’s yeast washed and centrifuged under the con- 
ditions described, the gravimetric method for inulin 
gave a mean space for twelve experiments of 
0-217+0-005. This gives the mean as |. water/kg. 
centrifuged yeast. If given per litre of centrifuged 
yeast it becomes 0-23 + 0-005, since the mean specific 
gravity of the centrifuged yeast was found to be 
1-06. The colorimetric method gave 0-191 4 0-017 
(sixteen results). The gravimetric method shows 
much less variability and the result therefore is 
taken as the intercellular space in yeast centrifuged 
as described. 

Peptone and gelatin spaces. These were deter- 
mined by the gravimetric method using dialysed 
2 % (w/v) solutions. Peptone results were confirmed 
by total nitrogen estimations. The mean values for 
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peptone (six results) was 0-23 (per kg. centrifuged 
yeast) and for gelatin (ten results), 0-21. 

Theoretical interspace as that of the closest packing 
of spheres. At this point there arises the question of 
the theoretical interspace between equal and non- 
deformable spheres in the closest packing. If one 
considers first a cubical lattice connecting the centres 
of uniformly contacting spheres, each unit cube will 
have sides equal to d, the diameter of the spheres. 
If the number of such lattices and spheres is very 
large the ratio of interspace to total volume is 
(d? — 4nd*)/d’=0-477, representing the maximum 
interspace for uniformly contacting spheres. If the 
cubical lattice of the centres of the spheres are now 
considered deformed to parallelopipeds with 60 and 
120° angles in the faces, one has the arrangement of 
closest packing and the interspace as a fraction of 
the total volume is (d*/,/2—47d*) divided by d*/,/2 
or 0-26. For centrifuged yeast the initial expectation 
for the interspace volume is thus 26 % of the total 
volume. With inulin, peptone and gelatin, we have 
obtained 22-24 % (by volume) under the conditions 
of centrifuging described. The difference may be 
attributed to a small degree of deformation of the 
yeast cells. By pressing with a simple hand press the 
interspace may be reduced to about 4% or less. 

From Malm’s (1947) detailed account of the 
literature connected with such evaluations of the 
intercellular space, it appears that Beetlestone (1930) 
and Just (1940) had also arrived at the above 
theoretical solution of closest packing. Beetlestone, 
using caramel as a measure of the intercellular space, 
had found it to be 38 % of the cell volume when the 
yeast was filtered off in a Biichner funnel, and 
29-5% for yeast from the brewery press. Using 
haemoglobin (0-75%) Just ascertained the inter- 
cellular space to be 26 % of the total volume. 

Such determinations refer, usually, to yeast 
pressed out in the factory, the pressure used, from 
Malm’s (1947) account, being of the order of 1 atm. 
The degree of pressure used is of the greatest con- 
sequence in such intercellular space determinations 
which have little significance unless such conditions 
are similar. Thus we have found that using a simple 
hand press the intercellular space as measured by 
inulin can be readily reduced to the level of 0-5% 
of the volume, the yeast being then dry in appear- 
ance, and crumbling easily to a powder. Our own 
determinations are valid for the centrifuging con- 
ditions described. : 

Here reference may be made to Orskov’s (1945) 


statement (based on Meyer’s calculations) that the’ } 


volume of 7 similar spheres is 4-19n x 7°, the space 
occupied by them in the most solid packing being 
6-00n x 73. This gives an interspace of 30 % and is not 
the correct solution. The interspace was also experi- 
mentally investigated by him using malonamide dis- 
tribution and found to be 34% of the centrifuged 
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yeast. This indicates that the malonamide had 
entered the cells, and as its further penetration is 
very slow it appears to have entered the outer 
region rapidly. 


The entrance of succinic acid into yeast 


When 0-2m-succinic acid is mixed with centri- 
fuged yeast in the 1:1 relation the mean S value 
(Eqn. 1) was found to be 0-334 + 0-004. This figure 
includes an increase due to the abstraction of water 
from the yeast cells as a result of the osmotic 
pressure of the succinic acid solution. With an 
equilibrium value, after mixing, of 0-150M-succinic 
acid, the amount of water leaving the cells amounts 
to 3-0 ml./100 g. centrifuged yeast, as shown by 
haematocrit observations described below, so that 
the interspace of the original centrifuged yeast is 
0-304 + 0-004. The mean inulin space is 0-217 + 0-005 
so that the succinic acid space in the yeast cell is 
(0-087 + 0-006)/(1-0 — 0-217) =0-111+ 0-008 (1./kg.). 
This ‘space’ may be better expressed as the ratio of 
the total succinic acid that has entered 1 kg. of the 
original centrifuged yeast to the external concen- 
tration (per litre) after such entrance. Such a ratio 
will be referred to subsequently as the ‘R value’, 
and with mixing proportions of 1 : 1 of centrifuged 
yeast and allowing for water abstraction, 

RA(C,/C,, — 1-22 —w)/(1 — 0-22). (2) 
Here /]-22 represents the inulin value and w the 
water abstracted from the yeast cells in 1 kg. centri- 
fuged yeast. For substances in 0-2m concentration 
which do not enter the central region, or do so very 
slowly, w is small and experimentally determinable 
as 0-03. Such determination is dealt with in a later 
section. 


Table 1. Determination of R values for succinic 
acid 


(Centrifuged yeast mixed 1:1 with 0-2m-succinic acid, 
succinic entrance determined from resulting concentration 


in the intercellular fluid.) 
Time 
after No. of CJC* R values from 
mixing obser- (giving s.D. Eqn. 2, in which 
(min.) vations of mean) w is 3-0 
2-5 12 1-31+40-004 0-08 + 0-005 
15 9 1-35 + 0-005 0-13 + 0-006 
30 9 1-30 + 0-007 0-07 +0-009 
60 11 1-38 +0-012 0-17+0-015 
120 6 1-34+0-007 0-12+0-009 


2 _C, =the concentration before mixing, and C,,, that after 
mixing. The total average of C,/C,, is 1-337 +0-004 (s.p. of 
mean). The mean. inulin C,/C,, is 1-217 +0-005. 


The total R value for succinic acid (from 2-5 to 120 min.) 
from Eqn. 2 (w=3-1 from Eqn. 4) is 0-114. This gives the 
mean ratio of the amount of succinic acid entered into 1 kg. 
yeast to the external concentration. 
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From Table 1 it will be seen that the R value for 
0-2M-succinic acid does not change appreciably from 
2-5 to 120 min. after mixing. Also glass electrode 
measurements show a very rapid entrance of suc- 
cinic acid which is complete in about | min. or so. 


R values for other organic acids 


Table 2 gives R values for twenty acids, including 
six amino-acids, up to 60 min. contact with the cells; 
seven were also examined after 24 hr. contact. The 
R values for most of the acids in Table 2 can only be 
regarded as very approximate (two determinations), 
and many more observations would be required to 
arrive at the mean value accurately. The results 
serve the purpose of classifying such acids with 
respect to their entrance of the outer region, and 
indicate whether they enter the whole cell rapidly 
or at any appreciable rate over the time observed. 


Table 2. R* values for 20 organic acids in 0-2M 
concentration with external pH at or near to 3 


(The R value is the ratio of total acid that has entered 
1 kg. yeast to the external resulting concentration.) 


R value pH of 
c- oh mixture 
Organic After After After after 
acid 15 min. 60 min. 1440 min. 60 min. 
Succinic 0-11 0-14 0-24 2-9 
Glyceric 0-15 0-15 0-11 2-8 
Pyruvic 0-16 0-20 — 3-0 
Malic 0-26 0-27 0-42 2-6 
Fumaric — 0-25 0-96 2-9 
Lactic — 0-19 1-44 3-2 
Citric 0-11 0-10 — 2-3 
Tartaric 0-20 0-22 a = 
Gluconic _ 0-24 os 2-6 
Oxalic 0-06 0-08 — 3-0 
Glycine 0-08 0-11 — 3-0 
Alanine _- 0-15 -— 2-9 
Leucine 0-14 0-08 = 2-§ 
Aspartic 0-15 = —: 3-2 
Glutamic 0-06 0-06 — 3-6 
Valine -— 0-23 = 2-7 
Formic 1-75 1-75 — 3-2 
Acetic 1-71 1-67 1-70 3:3 
Propionic 1-30 1-50 — 3-7 
Butyric 1-30 1-50 _ 3-6 


* The R figures have been obtained from Eqn. 2, where 
w is 0-03 kg. water for acids with low R values. Where the 
acid enters throughout the cells and the FR value is high w 
becomes 0. 


For sixteen acids, including the six amino-acids, 
the R values lie between 0-06 and 0-27 up to 60 min. 
After 24 hr. there appears to have been a marked 
entrance of lactic acid, and of fumariec acid to a 
somewhat lesser degree. Appreciable entrance of 
malic also appears to have occurred after 24 hr. 

The group of sixteen acids, showing no appreciable 
penetration throughout the whole yeast cell after 
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60 min., includes dibasic acids and those with at 
least one hydroxyl or amino group. 

The behaviour of the ordinary monobasic fatty 
acids, acetic, propionic, etc., is strikingly different. 
Almost at once the acid penetrates throughout the 
cell, to reach R values about ten times greater than 
for the first group. The figures for such acids used 
in 0-2m concentration ranged between 1-30 and 1-75. 
The 24 hr. figure for acetic acid was obtained and 
showed no difference from that after 15 min. Glass- 
electrode observations show a very rapid entrance, 
which is complete in about a minute or less. 





R values as a measure of the volume of the outer region 


It appears then that various organic acids enter 
very rapidly into some relatively small outer space 
of the yeast cell, into which neither inulin nor pep- 
tone enter. 

While some of these organic acids, such as succinic 
and glyceric, do not enter the inner region at an 
appreciable rate; others, such as acetic acid and its 
group, enter the whole almost at once. The R values 
of these two groups may be used to determine the 
water for solution in the outer region and the pH of 
both regions. 

R values for organic acids entering only the outer 
region may be expected to be somewhat higher than 
the volume of this space, if there is appreciable 
buffering. With high external concentrations of the 
acids the R values should approach the outer space 
volume. As the external concentration is lowered R 
increases and the increase can be used as a measure 
of the pH of the outer region, when using an acid 
such as glyceric which originally has no appreciable 
concentration therein. 

The volume of the outer region could also be 
deduced from F values for neutral substances which 
enter it freely, but enter the central region not at all 
or very slowly. Some non-fermentable sugars are 
here useful, such as arabinose and galactose. Orskov 
(1945) has shown that arabinose enters throughout 
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the cells at a very slow rate, and for short periods the 
entrance of galactose at a pH below 7-0, would also 
appear negligible. Adsorption effects could be 
largely eliminated by examining the R values for 
arabinose at high concentration. Relatively much 
water is then abstracted and may be determined as 
follows. 


Measurement of the water abstracted from the cells 
on suspending in fluids of varying osmotic 
pressures (the w value in Eqn. 2) 

The water abstracted from the cells when 1 kg. 
centrifuged yeast is suspended in 1 1. of fluid may be 
calculated from haematocrit readings as follows. 

It will be assumed for simplicity of description 
that the yeast has been washed in tap water and the 
suspensions are made in the proportion of 1 kg. 
centrifuged yeast to 1 1. of fluid, also that the same 
total heights are observed in the haematocrit. Then 
if f be the height of the yeast cell column after 
centrifuging, and 1 the height after centrifuging the 
suspension with water, each unit volume of centri- 
fuged yeast has decreased by (1 —f) due to the solute. 
This reduction is not altogether due to a decrease ia 
volume of the cells but alsg to a proportionate re- 
duction in the interspace volume. This latter from 
the inulin studies described above amounts to 
0-22 1. water/kg. of centrifuged yeast. The water that 
has left the cells per kg. of centrifuged yeast is there- 
fore (1—f) —0-22 (1—f) or 0-78 (1—/f), and the water 
that has left 1 kg. of yeast cells is 0-78 (1 —f)/0-78 or 
(1—f). Eqn. 2 may then be written 

R= (C,/Cm— 1-22 —w)/0-78 
=[C,/C,, — 1:22 —0-78 (1—f)]/0-78. (3) 

For arabinose observed after 30 min. we have 
found that w is proportional to the molarity of the 
external solution and may be written 

w=0-21M, (4) 
in which it is to be understood that M is the molarity 
observed after mixing, or suspending; and w is the 


Table 3. R values for galactose and arabinose at different concentrations, with haematocrit data 


(The galactose and arabinose determinations, respectively, were carried out by the Bertrand method and the gravimetric 
method as given under Methods. The numbers in brackets refer to the number of experiments.) 


Galactose Arabinose 
So SE ay 
Conen. Conen. Haematocrit results 
outside outside with galactose 
cells cells wooo ON 
Concn. after after Water from 
of solution 30 min., 30 min., cells in 1 kg. 
used, C, c. C.. centrifuged 
(mM) (m) aCe R (m) ColCm R f value yeast 
1-0 0-695 1-44 (2) 0-10 0-690 1-45 (2 0-11 0-820 (2) 0-141 
0-5 0-367 1-36 (2) 0-08 0-362 1-38 (2) O11 - 0-911 (2) 0-070 
0-2 0-150 1-33 (2) 0-11 0-150 1-33 (2) 0-10 0-961 (2) 0-031 
0-133 0-102 1-31 (2) 0-10 0-100 1-325 (12) 0-11 —_ — 
0-1 0-076 1-31 (2) 0-10 om sai i 0-984 (2) 0-013 
0-05 0-038 1-30 (2) 0-10 — — — 0-990 (1) 0-008 


~~ 


f 
} 
















1950 


s the 
also 
1 be 
3 for 
auch 
das 


lls 


| kg. 
y be 
tion 
| the 
| kg. 
ame 
‘hen 
ufter 
‘ the 
atri- 
ute. 
se in 
» re- 
rom 
; to 
that 
ere- 
ater 
8 or 


(3) 
ave 
the 


(4) 


rity 
the 


atric 





ae 


ee 


Vol. 47 


water removed from the cells in 1 kg. of centrifuged 
yeast, in which there is 0-22 interspace volume. 

The haematocrit data are given in Table 3. 

From Orskov’s (1945) results it would appear that 
the passage of water from the cells is rapid and may 
be taken as practically complete after some minutes. 

It is of interest to note that the same relation for w 
as in Eqn. 4 may be deduced from Malm’s (1947) 
results with sodium chloride, 6 g. yeast suspended 
in 10 ml. of sodium chloride solution, being shaken 
for 1-5 hr. at 20°, after which the weight of the dry 
substance of the yeast ¢ells was determined. 





Glucose 





Succinic 
acid 







Arabinose and 
galactose 






0 0-1 0:2 0:3 0-4 0-5 0-6 0-7 0:8 
Molar concentration outside cells. 


Fig. 1. The R values of arabinose (/\), galactose (O), suc- 
cinic ( x ) and glyceric ( +) acids, also of glucose (@) plotted 
against the molar concentrations of such substances out- 
side the cells, at the same time of observation (15-30 min.; 
15 min. for glucose). At zero time 1 kg. yeast was sus- 
pended in 11. of a solution containing one or other of 
these substances. The R value of a substance is the amount 
that has entered 1 kg. washed cells as a ratio of the external 
concentration (per litre) at the time of observation. Each 
symbol in Fig. 1 gives the mean of two or more obser- 
vations. 


R values for arabinose, galactose and glucose, and 
for succinic and glyceric acids over a wide range 
of external concentration 


Applying this equation for w the R values for 
arabinose and galactose have been determined from 
arange of 0-038 to 0-695mM outside the cells, and are 
given in Table 3. There is no appreciable effect on the 
R value with a 20-fold increase in the external con- 
centration of the solute, so that surface adsorption 
as an explanation of such R values higher than those 
of inulin is untenable. In further support of such 
a conclusion is the fact that galactose, arabinose, 
and succinic acid at or beyond 0-15M give the same 
or very similar R values. 
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In Fig. 1, R values for arabinose, galactose and 
glucose are plotted against the external concen- 
trations. Arabinose and galactose give R values 
independent of the external concentrations, but 
glyceric and succinic acids show markedly increased 
R figures below 0-1m and glucose below 0-4M. 

The increase in the R for glucose is obviously due 
to disappearance of the sugar in fermentation. The 
data were obtained 15 min. after mixing, which is 
more than sufficient for the full entrance of arabinose 
and galactose into the outer region. 


052 


Space 
between 
cells 





0-1 0-2 0:3 0-4 0:5 06 0:7 0-8 0-9 1-0 
Molar concentration outside cells (m) 


Fig. 2. Data of Table 3 plotted against the external molar 
concentrations at time of observation. C, is the concen- 
tration of the substance in the original suspending fluid; 
C,, the concentration at the end of observation. The value 
of (C, — C,,)/C., gives the ‘space’ occupied by the substance 
in excess of the original litre in which it was contained. 
Arabinose, x ; galactose, @ ; haematocrit value for water 
abstracted + 0-30, A. 


The increase in the RF values for glyceric acid with 
diminishing concentration may be attributed to the 
increasing effectiveness of outer region buffering as 
the glyceric acid concentration is diminished. Suc- 
cinie acid shows a similar but lesser effect. This is 
partly attributable to the fact that succinic acid 
is a weaker acid than glyceric, and partly to the 
presence of some succinate in the outer region. In 
such circumstances succinic acid may be expected 
to behave in the manner indicated by the curve in 
Fig. 1, but rising less steeply than glyceric acid at the 
lower concentrations. 

Apart from the haematocrit readings, the water 
abstracted from the yeast cells may also be obtained 
by plotting (C,—C,,)/C, against the external 
molarity. Over the range examined for arabinose, 
galactose and succinic acid the relation is linear as 
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shown in Fig. 2. The regression relation, with corre- 
lation coefficient practically 1-0, is 


(C, —Cm)/Cm = 0-214.M + 0-30. (5) 


Here the slope gives the w value, and as M 
approaches zero the interspace water plus the water 
in the outer region is 0-30/kg. of centrifuged yeast, or 
(0-30 — 0-22)/0-78 = 0-10 water in the outer part of the 
cell. 

If to the water abstracted from the yeast cells (per 
kg. centrifuged yeast), obtained from the haemato- 
crit readings, 0-30 be added representing the water 
between the cells before mixing plus the water in the 
outer region, the values so obtained fall along the 
line in Fig. 2 for the arabinose, galactose and suc- 
cinic acid data. In Fig. 2 the small triangles give the 
results so obtained from the haematocrit readings. 

The R values for arabinose and galactose were also 
examined over the time period of 5 to 60 min. (Table 
4). For arabinose no increase appears with time. 





Table 4. R values for arabinose and galactose after 
different times and of glucose after 15 min. 


(For these experiments 2% galactose and arabinose 
solutions were used. The brackets give the number of deter- 
minations made. With glucose a 20% solution was used, the 
R value being observed after 15 min.) 





Time 
after R values 
mixing A ~ 
(min.) Arabinose Galactose Glucose 
5 0-12 (5) 0-12 (2) — 
10 0-11 (3) 0-12 (2) — 
15 o om 0-09 (2) 
30 0-11 (3) 0-10 (2) — 
60 0-08 (2) 0-16 (2) me 


A small increase in the galactose figure may have 
occurred after 60 min., but its significance is not 
certain. Here it may be pointed out with respect to 
the variability of R determinations, that a change in 
the C,,/C,, ratio from 1-30 to 1-33 means a change in 
the R value from 0-09 to 0-12. 


, 
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R values for ions 


Potassium. Hevesey & Nielsen (1941), using 
labelled potassium, investigated the entrance rates 
into yeast cells. The entrance into resting cells was 
very slow, but with young fast-developing yeast 
cells equilibrium should be reached after about 2 hr. 
On the other hand, it can be shown that potassium 
as well as sodium and chloride ions enter the outer 
region or cell wall very rapidly. 

Chloride. From the results to be described it 
appears that potassium chloride enters rapidly into 
the outer region of the cell. The inner membrane of 
this region is practically impermeable to chloride, 
so that over 24 hr. potassium chloride does not 
penetrate further to any appreciable extent. 

The experiments were primarily undertaken to 
compare the permeability to potassium chloride of 
the yeast cell and muscle fibres (frog sartorius muscle 
used). The immersion solutions and pH value were 
then the same as described for muscle (Boyle & 
Conway, 1941). Each immersion fluid contained a 
constant sodium and bicarbonate concentration of 
86 and 11 m-equiv./l., respectively, besides traces of 
calcium and phosphate, the pH being brought to 
7-0 by bubbling with a gas mixture containing 3% 
carbon dioxide and 97% oxygen, and the washed 
yeast was suspended in each instance in about 50 
times its volume of the suspending fluid. The 
potassium chloride content of the mixtures was 
varied from 0 to 300 m-equiv./l. The results obtained 
after 30 min. suspension showed no significant differ- 
ence from those after 24 hr. 

Table 5 shows the results obtained. It will be seen 
from the last column that the R value for chloride 
ranges over the series from 0-07 to 0-12. 

It may be concluded that potassium chloride 
enters the outer region of the yeast cell rapidly, but 
the inner surface of the outer region does not allow 
chloride ions to pass in appreciable amounts up to 
24 hr. under the given conditions. 


Table 5. Entrance of potassium chloride into yeast at various external concentrations 
and pH=7-0; also R value for the chloride ion 


(The concentrations in brackets are interpolated. The small numbers in brackets give the number of experiments. The 
relative cell volume in colurtm 6-was determined from the decrease in water content of the cells in accordance with Eqn. 4, 
the m value in that equation being obtained by multiplying the total c values in column 3 by 0-90 in accordance with 


freezing point data.) 


7 wr y :. / 
External values m-equiv./l. 
Na concen. constant at 86 





K Cl c K 

0 76 180 (120) 
18 94 216 129 (3) 
30 106 240 (134) 
90 166 360 156 (3) 
150 226 480 (185) 
210 286 600 214 (3) 
300 376 780 (248) 


Conen. as m-equiv./kg. in yeast 
centrifuged from suspensions 





Cell volume R values 


taking the for chloride 
washed with respect 
centrifuged to the original 
Cl cell as 1-0 cell volume 
21-0 0-96 0-073 
(27-0) 0-95 0-076 
31-0 (2) . 0-94 0-091 
47-9 (3) 0-89 0-082 
64-7 (1) 0-88 0-077 
82-9 (3) 0-85 0-080 
126-0 (2) 0-81 0-121 
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The contrast with the muscle fibre is shown in 
Fig. 3, in which the chloride per kg. muscle (inter- 
space chloride deducted) is plotted against the 
increase of potassium chloride outside, and likewise 
the chloride in the yeast cell for immersion in the 
same solutions. The observations were taken after 
24 hr. immersions and at 3—4° in the case of muscle. 
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muscle) 


= = 
= Ww 
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Muscle 
100 (sartorius 
90 of frog) 
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. (yeast or 
deducted) 


(interspace C 


Chloride, m-equiv./k 


0 20 40 60 80 100120140160180200 220 
Increase of external KCI (mm) 


Fig. 3. The increase of chloride per kg. muscle (frog sar- 
torius) and per kg. centrifuged yeast is plotted against the 
increase of KCl outside; NaCl maintained constant at 
86 m-equiv./l.; pH approx. 7-0; muscle at 4°, yeast at 
4° or at room temperature (no temperature effect being 
apparent). The chloride that would enter a space equal to 
the original interspace is deducted. The muscle data are 
taken from Boyle & Conway (1941). The yeast and muscle 
data give the means of several experiments. 


Sodium. Sodium chloride enters as freely as 
potassium chloride into the outer region of the cells 
as shown in Table 6, and in a similar way it does not 
enter at an appreciable rate into the large inner 
region of the resting cells. On the other hand, and 
unlike potassium ions, sodium ions do not enter 
rapidly throughout the cells during fermentation in 
exchange for hydrogen ions. 

R values for sodium and potassium chlorides using 
0-1 m-solutions (1 : 1). With regard to the outer region 
it is of interest to know the exact amounts of sodium 
and potassium chlorides that enter with external 
values not greater than 0-1m. If, for example, 
potassium ions are already held there by large fixed 
or non-diffusible anions, the R value for chloride 
should be lower than the arabinose and lactose value, 
and dependent on a Donnan relation. When sodium 
ions completely displace potassium ions in the outer 
region, on immersion in sodium chloride solution, 
a similar result for sodium chloride is obtained, the 
R of chloride being likewise lower than for galactose. 
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A number of experiments were carried out with 
washed centrifuged yeast suspended in 0-1 m-solu- 
tions of sodium and potassium chlorides, with and 
without the incorporation of 0-25% succinic acid. 


Table 6. R values for potassium and sodium chlorides 


(The washed centrifuged yeast was suspended 1:1 in 
0-1m solutions. R values were determined from Eqns. 3 


and 4.) 
R values Average of R Time after 
-—o values for suspending 
NaCl KCl NaCl and KCl = (min.) pH 
0-063 (4) 0-068 (5) 0-066+0-004 30 6-0 
0-115 (5) 0-109 (5) 0-112+0-006 30 3-0 
0-119 (10) 0-123(11) 0-121+40-003 47 3-0 


These are summarized in Table 6. It will be seen that 
there is no significant difference between the R values 
for sodium and potassium chlorides. There appears to 
be some increase in the amounts of chloride that 
have entered at a lower external pH. Thus at pH 6-0 
the R value after 30 min. is 0-07, and at pH 3-0 it is 
0-11. This is explicable by a decrease in non-diffusible 
anions in the outer region with increase of external 
acidity. 

R values for succinate. From the following 
evidence it would seem that succinate ions do not 
enter the outer region, or do so very slowly. Washed, 
centrifuged yeast was pressed so that nearly all the 


0-25 
0:20 
0-15 
0-10 
0-05 
0-00 


R value 





Fig. 4. R values for 0-02M-succinic acid as the pH is increased 
by the addition of alkali. Yeast pressed to extrude the 
interspace fluid and suspended (1: 1) in 0-02M-succinic- 
succinate solution. Three sets of experiments summarized. 

interspace fluid was extruded. Samples of this 

pressed yeast were then suspended in 0-02M-suc- 
einic acid (1 : 1), and in various other solutions con- 
taining the same strength of succinic acid, but in 
addition various amounts of potassium hydroxide, 
the pH of the suspensions being determined. After 

30 min. the suspensions were centrifuged, and the 

total succinic acid plus its ions determined by the 

titration method. From the results the R values of 
23 
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the 0-02 M-succinate system (ions plus free acid) were 
determined at various pH values, and are plotted 
in Fig. 4. The points summarize the results of three 
sets of experiments, allowance being made for blank 
determinations over the pH range. It will be seen 
that from a pH of 6-0 onwards the R value is 
practically zero. 

While such conditions would need to be supported 
by direct succinic determinations using the succinic 
dehydrogenase, they support the view that at least 
the bivalent ions of succinic acid do not readily enter 
the outer region of the cell. 


DISCUSSION 


Direct evidence for the existence of a small outer 
region of the yeast cell appears from the difference 
between the inulin and peptone space and that of the 
non-fermentable sugars, succinic acid and many 
other substances. This space with water content one- 
tenth of the whole cell volume is at least imperme- 
able at its outer surface to proteins, to carbohydrate 
molecules as large as inulin and to divalent ions of 
succinic acid. 

Succinic and glyceric acids and a number of 
organic acids, also arabinose and galactose, enter 
this outer region rapidly, but do not enter the 
central region or enter only at a very slow rate. Ii 
a third group of substances which penetrate very 
rapidly throughout the whole cell are included acetic, 
propionic and butyric acids. 

Substances of the first group such as inulin or 
dialysed peptone are useful for determining the 
extracellular water. Organic acids in the second 
group, such as glyceric, may be used for determining 
the pH of the outer region, and acids of the third 
group for determining the pH of the yeast cell as a 
whole, which is very largely dependent on the inner 
region containing 85% of the whole water of the 
cell. 

Concerning succinic acid the following considera- 
tions are of special interest. When baker’s yeast 
ferments glucose (1:1 of 5% (w/v) solution, un- 
buffered) within 30 min., succinic acid appears in the 
outer medium to the extent of about 40 m.-equiv./l. 
The acid, at a pH near 3, cannot diffuse back into the 
main part of the cell, but does so freely into an outer 
region one-tenth of the whole cell volume. Suc- 
cinate ions (pH =7-0) cannot diffuse back into this 
region or do so very slowly. 

Interpreting such facts it may be held that free 
succinic acid appears as such only in an outer region 
of the cell and then diffuses into the suspending 
fluid. How the free acid appears will be dealt with 
in a later communication. With this view the inner 
surface of the outer region is practically impermeable, 
when examined over many hours, to free succinic 
acid as well as to the succinate ion. 
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If, as an alternative explanation, it be supposed 
that free succinic acid can diffuse back freely into 
the cell, but is prevented from doing so, not by a 
membrane inside the outer surface of the cell, but 
by a continuous active extrusion, a’consideration 
of the energy requirements makes this view un- 
tenable., Succinic acid enters the outer region very 
rapidly, Yeaching an approximate equilibrium in 
about a minute or less as shown by glass-electrode 
observations, and the energy required to extrude it 
with equal or similar rapidity would be far beyond 
the whole resting metabolism of the yeast cell. On 
the other hand, it would appear that the succinic 
system during fermentation is actively extruded 
from within and across the inner membrane of the 
outer region, but at a very much lesser rate than it 
diffuses across the outer cell boundary. 

Another view to be considered is that the outer 
region is only apparent, and that there is amembrane 
surface of the cell on which the acid is adsorbed, free 
succinic acid not appearing as suth in any part of 
the cell other than in relation to this membrane. 
Such adsorption would presumably occur as a mono- 
molecular layer. With the average cell diameter of 
11-8 4., an Avogadro number of 6-0 x 10” and a 
limiting value for the mean surface of the molecule 
of 24 (A)*, it may be calculated that with concen- 
trations of about 0-33m for succinic acid or 0-7M 
for glyceric acid the ratio of succinic or glyceric acid 
adsorbed on the cells to that in the external solution 
should be in the region of 0-01—0-02 instead of the 
experimental R figure of about 10 times this value. 


‘ 


ee 


i 


There is also the fact that. such different sub- { 
stances as succinic acid and glyceric acids, beyond | 


values of 0-1 outside the cells, or arabinose over the 
observed range of about 0-03 to 0-07M, give similar 
R figures. The R value of a substance, or the amount 
that has entered the cell relative to the concen- 
tration, is thus largely independent of concentration 
or chemical constitution. With low concentrations 
of the organic acids it increases owing to buffering as 
may be expected. 

The outer region and the cell wall. Since the volume 
of the outer region is scarcely affected by a wide 
range of arabinose or galactose concentrations, and 
as its outer surface must lie at the outermost rim of the 
cell its inner membrane must be as little distensible 
as the cell wall. It appears that the region is identical 
with the cell wall, and the water for solution therein 
lies between the structural units. The outer surface 


or membrane is impermeable to large molecules such | 


as inulin and peptone, also to succinate ions. 


SUMMARY 


1. The.theoretical-interspace for a large number 
of non-defommable spheres with closest pavcking is 
26% of the total volume. Centrifuged] yeast 
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(3000 rev./min. for 20 min.) shows an interspace 
volume of 23% with inulin as the test substance, 
22% with gelatin and 24% with peptone, when 
expressed as a percentage of the total volume. The 
interspace fluid can be pressed out with a simple hand 
press, so that an amount representing only 0-5 % of 
the total cell volume is left. 

2. If the space be measured with arabinose, 
galactose, or lactose, with allowance for the water 
abstracted from the cells, it appears as 33-34 % . The 
difference is due to the penetration of such sub- 
stances into an outer cell region which is identified 
with the thick cell wall. 
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3. The water for solution in this outer region is 
0-10—0-11 of the total cell volume. Into this part of 
the cell many substances penetrate readily, in- 
cluding sodium and potassium chloride; also suc- 
cinic acid, glyceric acid, etc., but succinate ions are 
debarred or enter slowly. 

4. The inner surface or membrane of the outer 
region is impermeable to chloride ions in the resting 
yeast. It is likewise impermeable or only very slowly 
permeable to succinic acid, glyceric acid and a 
number of other acids with hydroxyl or amino 
groups. On the other hand, it is very freely perme- 
able to formic, acetic, propionic and butyric acids. 
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pH Values of the Yeast Cell 


By E. J. CONWAY anp MARY DOWNEY 
Department of Biochemistry and Pharmacology, University College, Dublin 


(Received 8 November 1949) 


In the previous communication (Conway & Downey, 
1950) it was shown that the yeast cell contained an 
outer metabolic region, identified as the thick cell 
wall, which had a content of water for free solution 
equivalent to about 0-10 of the whole cell volume or 
about 15 % of the total water of the cell. 

In the resting cell the pH of this outer region 
appears to be very similar to that of the overall or 
total pH figure as determined by the different 
methods used here, but in the fermenting cell the 
overall pH increases markedly while the pH of the 
outer region decreases. In other words, during fer- 
mentation the inner part of the cell or cytoplasm 
becomes more alkaline while the cell wall itself 
becomes more acid. At an early stage in the study 


cof yeast acidity (Conway & O’Malley, 1943) we 


found an increase of the total pH, but assigned it to 
changed combinations of ionizing groups. Brandt 
(1945) describes similar alkaline changes, but did not 
connect them with a corresponding production of 
acid. 

Three methods are used here to determine the 
overall pH of the resting cell. In the first of these, 


cells of the centrifuged yeast are frozen with liquid 
air or oxygen and then thawed rapidly, the pH 
being at once determined by the glass electrode when 
the mixture had reached room temperature (20°). 

In the second method, the fact that acetic acid 
very rapidly diffuses throughout the cells (Conway & 
Downey, 1950) was used to determine, by its dis- 
tribution, the pH inside the cell. As a third method, 
the carbonic acid system was used in essentially the 
same way as acetic acid. The advantage with acetic 
or carbonic acid lies in the cells remaining uninjured, 
but in fact all three methods give the same results 
within the sampling error. 

Brandt (1945) has given a comprehensive account 
of the literature relating to this subject, and has also 
described a method for determining the pH which 
consists in rapidly heating a thick suspension, by 
driving it through a coiled copper tube immersed in 
boiling water. The cells in this way are rapidly 
destroyed. The results obtained by Brandt’s method 
are higher than we have obtained for resting baker’s 
yeast by the three methods mentioned above, and 
we have found that heating in such a way has the 
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effect also of giving high pH values with our yeast 
samples. We believe, therefore, that the heating 
method gives figures in excess of the true value. At 
the same time it is very serviceable for the study of 
pH changes. 

We have endeavoured to obtain a figure for the 
resting pH of the outer region, or cell wall, by 
utilizing the fact that such an organic acid as 
glyceric acid does not enter the central region at an 
appreciable rate, and its distribution can be studied 
in a similar way to that of acetic acid for the whole 
cell. 

For pH values during fermentation the freezing 
and carbon dioxide methods were used for overall 
values, and the distribution of the succinate system 
was used to determine relatively large falls in the 
pH of the outer region. 


METHODS 


Experimental 


The yeast examined, from the Cork Yeast Factory, does not 
constitute a pure strain, but is made up of various strains of 
Saccharomyces cerevisiae. 

Freezing method. Fresh yeast was washed a few times in 
tap water then pressed so as to extrude the interspace fluid, 
the interspace volume being reduced to 0-5 % of the initial 
value. The yeast is then friable and has a dry appearance. 
It was packed into celloidin tubes which were immersed for 
at least 6 min. in liquid air or O,, then thawed. In a pro- 
portion of cases a small volume of monoiodoacetate solution, 
to make an overall concentration of 0-005M, was incor- 
porated into the yeast, just thawed, but still at about 0°. 
pH values were determined by the glass electrode on reaching 
room temperature. 

Acetic acid method. Here 1 kg. of washed centrifuged yeast 
was suspended in 1 ]. 0-62M-acetic acid, and after 15 min. 
the acetic acid was determined by electrometric titration. 
From the decrease in the acetic acid concentration the total 
acid which entered the cells may be calculated, and, knowing 
the external pH, that inside the cells may be determined as 
shown in the theoretical section. 

The acetic acid removed metabolically under these con- 
ditions was likewise investigated with different strengths of 
acetic acid outside, the acetic acid being determined by a 
microdiffusion method, the details of which it is hoped to 
have published shortly (Conway & Downey, 1949). The 
rate of this disappearance, under the conditions examined, 
does not appreciably interfere with the method. 

Carbon dioxide method. CO, at atmospheric pressure was 
bubbled through 20 ml. of a mixture of baker’s yeast con- 
taining washed centrifuged yeast in the proportion of 1 kg. 
to 0-61. of tap water, which gives approximately the same 
volume of cells and external] fluid, or alternatively into 
0-1m-KCl contained in narrow gas wash bottles. After about 
20 min. bubbling, samples were taken for total CO, deter- 
mination (Conway, 1947). 

Bicarbonate determination. This could be indirectly deter- 
mined by subtracting from the total acid-labile CO, that due 
to physical solution in the water of the yeast cell. It was also 
determined more directly as follows: 1 ml. of the suspension 
from the cylinders was added to 10 ml. of 2m-dimethylamine 
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in ice-cold water, and another 1 ml. sample added to a 
similar volume of 2M-dimethylamine containing 3-4% of 
a saturated solution of BaCl,. The insoluble Ba fraction of 
the CO, system was assumed to be bicarbonate. Changes in 
the soluble Ba fraction of the CO, system after treatment with 
dimethylamine were assumed to be acid-labile CO, other 
than free CO, plus bicarbonate, and would include changes 
in possible carbamino fraction. Bubbling water, or 0-1 m-KCl 
solution, with CO, gas gave no insoluble Ba fraction with this 
dimethylamine technique. 

From a knowledge of the bicarbonate and free CO, in the 
yeast cell water, the pH of the cell may be calculated. 

Glyceric acid method for the pH of the outer region. Here 
washed and centrifuged yeast was mixed 1 : 1 with glyceric 
acid of various strengths, centrifuged after 15 min. and the 
glyceric acid in the centrifuged fluid determined by electro- | 
metric titration as described in the previous paper. In some 
experiments it was also determined by the colorimetric | 
method of Rapoport (1937). 

Succinic acid method for pH changes of the outer region 
during fermentation. Washed and centrifuged yeast was 
suspended in 0-6 parts of a 5% (w/v) glucose solution in tap 
water. After 30 min. samples of the whole mixture, and of 
the centrifuged fluid, were analysed for succinic acid using 
the oxidase method (Weil-Malherbe, 1937; Krebs, Smyth & 
Evans, 1940); pH values of the suspension of centrifuged 
fluid were taken by the glass electrode. Examination of the 
data obtained gives evidence for change in pH of the outer 
region. 





) 


on 


Theoretical formulae for pH calculations 


Acetic acid method. It is assumed that the free acid 
diffuses to equality of concentration, C,. If C,, is the total } 
concentration of the acetate system outside the cells afte: 


suspending the yeast in the acetic acid solution, then ) 
Cm =Cq (I + Kinlhm)- (1) 
Similarly, if C, is the total concentration within the cell 
C,=C, (1+ Kj/h). (2) 


Here h,,, h, are the hydrogen ion concentrations outside and , 
inside the cells, and K/, and Kj the adjusted ionization 
constant for acetic acid in the suspending fluid and inside } 
the cells. 
A useful value # has been previously defined (Conway & 
Downey, 1950) as the moles of a substance that have entered 
1 kg. of washed cells divided by the external concentration at 
the time of observation. It may be written 
R=C,S/C ‘ms 
where C; is the intracellular concentration and S the solvent 
water in the cell as 1./kg. cells. From Eqns. 1, 2 and 3 
~ (Ee /hy) 
(1 + Kinlhm) . 
But it has been shown (Conway & Downey, 1950) that Rk may 
also be expressed as 
R=(C,/Cp — 1-22 - w)/0-78, (5) 


(3) } 





(4) 







when 1 kg. of washed centrifuged yeast is suspended in 1 1. 
of fluid. Here C, is the concentration in the suspending fluid 
before mixing, w being the water abstracted osmotically 
from the cells, and if 0-02 solutions are used it may be 
neglected. 
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From Eqns. 4 and 5, h, may be calculated, since C,, C,,, 
h..8, z and Kj are determinable. Values obtained for 
the last two were 4-7 and 4-6, using simplified Debye-Hiickel 
calculations, assuming the ionic strength inside the cell to 
be about 0-15-0-25. For the washed yeast the value of S 
has been determined as 0-70 1./kg. 

The pH so determined must in turn be corrected (to obtain 
the resting yeast) value for the acidification within the cell 
caused by the accumulation of acetic acid. When the latter 
is known the correction may be determined either by direct 
observations of pH changes when acetic acid is added to 
frozen and thawed yeast, or it may be calculated from the 
average buffering of the yeast cell over such pH range and 
dividing this into the concentration of acetic acid anions. 
The buffering was found to be 63 m-equiv./l. of cell water. 

Carbonic acid method. From a knowledge of the free CO, 
and the bicarbonate ion content of the yeast cell water, the 
Henderson-Hasselbalch equation in the form 


pH =6-2 + log [HCO ]/42-1 (6) 
was applied where 6-2 is the adjusted first apparent pK value 
of carbonic acid at 18°, the temperature of the observations. 


RESULTS 


Resting yeast cells 


Freezing method. The mean value for eighteen 
determinations after freezing with liquid oxygen, 
then rapidly thawing to room temperature, was 
5-80+0-2 (giving s.p. of mean). The presence of 
0-005 m-sodium monoiodoacetate did not affect this 
value, within the sampling error, the mean of 
fourteen observations being 5-81 + 0-02. 

If, without monoiodoacetate, the thawed sus- 
pension is allowed to stand, the pH falls progres- 
sively. Thus a sample immediately after thawing to 
room temperature gave a pH value of 5-80. After 
2hr. at the same temperature it gave a value of 
5-58, and 5-59 after 4 hr. 

Acetic acid method. Table 1 shows the results of 
six experiments in which 1 kg. of washed centri- 
fuged yeast was suspended in 11. of 0-02M-acetic 
acid. The mean value of pH in the presence of 
0:02Mm-acetic acid, determined in accordance with 
the previous theoretical section, was 5-44 + 0-05. The 
mean correction to be added to this for the acetic 
acid in the cell is calculated as follows. 
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The mean value of C,, after suspending is 4-66 m-equiv./l., 
or outside 0-78 kg. cells, the amount in | kg. of centrifuged 
yeast, there are 4-66 x 1-22 =5-15 m-equiv. so that 20 — 5-15 
are present in the cells, the water of which is 0-78 x 0-70 = 
0-546 1. The concentration of total acetic acid in the cell water 
is thus 14-85/0-546 =27-2 m-equiv./l. At a pH of 5-44 and 
pK value of 4-6, acetic acid is 87 % ionized, so that 0-87 x 27-2 
or 23-6 m-equiv. acetate ions have been formed. Dividing 
this by the buffering, 63 m-equiv./l. gives the correction as 
0-37 pH. 

The resting pH of the washed cells should then 
be 5-44 + 0-37 = 5-81. Where the correction is applied 
to each experiment the result is the same and the pH 
may be expressed as 5-81 + 0-06 (s.D. of mean; here 
the variability is a little higher than that obtained for 
the uncorrected pH which is 5-44 + 0-05). 

The possibility that the metabolic disappearance 
of acetic acid might influence the results obtained, 
necessitated the following control measurements. 
The centrifuged yeast was immersed in the pro- 
portion of 1 kg. to 11. of 0-2, 0-05 and 0-02Mm-acetic 
acid made up in tap water. At various times, 
samples of the suspension were taken, centrifuged 
and the acetic acid, as volatile acid other than 
carbon dioxide, determined. In addition, experi- 
ments were carried out where tap water was used to 
suspend the yeast instead of the acetic acid solutions. 
The results are shown in Table 2. It will be seen that 
there is very little disappearance of the acetic acid 
after the initial entrance, which occurs very rapidly. 
With the 0-2M solutions we have followed the change 
of pH on mixing as an index of the entrance rate, 
but the diffusion appeared to be practically com- 
plete in less than 1 min. 

It will be seen that after 24 hr. there is a marked 
relative increase of the external acetic acid when 
using 0-02m-acid for suspending. This is related to 
a corresponding increase in acetic acid using water 
only as the suspending fluid. It is not certain that 
the acid determined in the latter case is acetic, but, 
for the present purpose, this has no practical 
significance. 

Carbonic acid method. Twenty-six determinations 
of the total acid-labile carbon dioxide were carried 
out with a mixture of the proportions 1 kg. of centri- 
fuged yeast to 0-6 1. of tap water, the mixture being 


Table 1. Intracellular pH of yeast as determined by the acetic acid method 


(Washed centrifuged yeast was suspended in 0-02M-acetic acid (1 kg. to 11.) at room temperature. After 15 min. the 
suspension was centrifuged and the supernatant fluid examined for its acetic acid content. C,=20 mmol./I.) 


pH pH correction pH 
Cm R/S pH (intracellular for acetic (intracellular 
(mmol./1.) R=(C,/C,, — 1-22)/0-78 (S=0-70) (extracellular) cale.) effect corr.) 
6-20 2-57 3-69 4-29 5-22 +0-30 5-52 
4-16 4-61 6-59 4-15 5-47 +0-40 5-87 
4:07 4-73 6-76 4-20 5-50 +0-40 5-90 
4-94 3-62 5-17 3-99 5-36 +0-33 5-69 
3-87 5-06 7-23 4-12 5-52 +0-40 5-92 
4-72 3-86 5-51 4-61 5°55 +0-38 5-93 
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Table 2. Changes of acetic acid concentration in yeast suspensions 


(1 kg. washed centrifuged yeast to 1 1. of acetic acid solution in tap water.) 


Acetic acid 
200 mmol./1. 
(one series) 


Suspension fluid 


Acetic acid 
50 mmol./1. 
(one series) 


Acetic acid 
20 mmol./l. 
(two series) 


Tap water 


(two series) 


Time Acetic acid concentrations in fluid outside cells (mmol./1.) ' 
(min.) (Creer 
3 76-2 15-8 6-9 1:3 , 
15 76-2 15-1 5:8 -- 
30 75-2 14-6 5-4 1-8 
60 72-0 13-8 5-1 -- 
120 72-0 13-3 5-2 — 
180 73-4 12-3 5-9 2-5 
1440 76-0 12-5 9-4 4-2 ' 
Table 3. Mean pH values for resting and fermenting yeast ’ 
No. of Mean pH in the 
Method determinations Mean pH found washed cells 
RESTING YEAST 
Overall pH 
Freezing method: 
(a) without monoiodoacetate 18 5-80+0-02 5-80+0-02 } 
(b) with monoiodoacetate 14 5-81+0-02 5-81+0-02 
Acetic acid method 6 5:54+0-05 5-81+0-065 ' 
Carbonic acid method: 
(a) without dimethylamine 26 5-62 +0-05 5-85+0-05 
(6) with dimethylamine 9 5-66 +0-05 5°85+0-05 
pH of outer region 
Glyceric acid method 4 5-48 (extra- 5-95 (deduced 
cellular from 10 exps.) 
glyceric concn. 
0-0039 m) , 
FERMENTING YEAST 
Overall pH \ 
Freezing method 5 6-35+0-05 6-35+0-05 
PH of outer region 
Succinic acid method 3 <4-2 <4-2 


bubbled with carbon dioxide at atmospheric pressure 
as described under the Methods section, the same 
stream of carbon dioxide being passed through 
the suspending water without yeast. The mean 
acid-labile carbon dioxide in 1 1. of mixture was 
41-5+ 1-2 mmol. (s.D. of mean). 


Centrifuged yeast (1 kg.) contains 0-78 kg. cells and 0-22 1. 
interspace water. The specific gravity of the yeast cells was 
determined as 1-077, so that 1 kg. centrifuged yeast con- 
tained 0-721. of cells and 0-221. interspace water. When 
added to 0-6 1. water there was altogether present in 1 1. of 
the mixture 0-51 kg. cells (or 0-471.) and 0-53 1. interspace 
water. In 0-51 kg. cells there is 0-361. of cell water (an 
average of 0-70 kg. water/kg. yeast cells was found after 
washing). From such data it will appear that in 0-36 1. of cell 
fluid there are 4-0 mmol. acid-labile CO, (41-5-42-1 x 0-89) 
not present as dissolved gas (0-89 = water/I.). 


Assuming this to be entirely or almost entirely 
present as bicarbonate ion, then per litre of cell water 
there are present 11-0+1-2 m-equiv. HCO; and 
42-1 m-equiv. free carbon dioxide. From the Eqn. 6 
and pK of 6-2 the pH of the cell appears as 5-62 + 0-05. 





Direct determination of HCO, from the dimethyl- , 
amine and barium chloride procedure. Using this 
method the direct determination of the HCO, gave } 
a mean value of 11-8+ 1-2 for nine determinations. 
The difference from the previous figure, however, 
falls well within the sampling error. 

From such determinations of the HCO, ion the | 
pH appears from Eqn. 6 as 5-66 + 0-05. 

The effect of the carbon dioxide in lowering the 
pH of the cell must now be taken into account. From 
the direct measurement of the bicarbonate and 
assuming normally a negligible bicarbonate content 
the correction is 11-8/63 — 0-19. Hence the pH of the 
resting cell without carbon dioxide may be repre- | 
sented as 5-85+ 0-05. The mean pH figures for the 
different methods are listed in Table 3. 










Effect of fermentation on the overall pH. 


When washed centrifuged yeast was suspended for 
30 min. in the proportion of 1 kg. to 11. of 5% (w/v) 
glucose and 0-1m-potassium chloride, the pH of the 
cell, determined by the freezing method already 
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given, was found to be much increased. In using 
the method the mixture was rapidly evacuated of 
gas before the glass electrode observations. From 
such experiments the pH was found to be 6-35 + 0-05 
with range from 6-12 to 6-55. Similar determina- 
tions made on four out of these five yeast samples in 
the resting state showed that fermentation resulted 
in a mean increase in pH of + 0-47 (range of + 0-29 
to +0-70). 


PH values of the outer cell region 


Resting value for washed centrifuged yeast. As dis- 
cussed in the previous paper (Conway & Downey, 
1950), the outer cell region may be identified with 
the thick cell wall, the external surface of which has 
a different permeability from the inner. The water 
of this region comprises 10-11% of the whole cell, 
or 15 % of its water content. 

We have used glyceric acid distribution, after 
suspending washed centrifuged yeast in glyceric acid 
solutions (1 : 1) of different strengths, to obtain data 
for the resting pH of this outer region. 

Glyceric acid does not enter the central region to 
any appreciable extent over many hours. With the 
existence of some buffering in the outer region, as 
the external glyceric acid is decreased a relatively 
greater proportion of glyceric acid should enter this 
part of the cell and, from the distribution, pH values 
may be deduced. Glyceric acid was mainly deter- 
mined by electrometric titration (allowing for blank 
values without glyceric acid) between two pH levels, 
the colorimetric method being found not very satis- 
factory, but giving results which were, on the whole, 
similar to the titration method. 
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substance used in the fluid after suspending. Here 
with 1 kg. of yeast having 0-96 kg. of cells instead of 
0-78 as for pressed yeast, w=0-26mM. Applying 
Eqn. 4 above where S is taken as 0-09 1./kg. cells (the 
R value approached as the glyceric acid strength is 
increased) and K’, and K’,, as 10-*5 and 10-*-°, pH 
values have been calculated for external glyceric 
acid concentrations of 0-133m or less (Table 4). 

A correction for the effect of the acid on the pH 
value cannot be applied here as the buffering of the 
outer region is not directly known. It will appear, 
however, that if on suspending in an external 
solution of 0-01M-glyceric acid the pH is 5-4 and if 
in 0-02 it is 4-98, then on suspending in water it 
would probably be in the region of 5-7—6-0 so that 
the resting pH of the outer part of the cell is at, or 
near to, the resting value for the whole cell. 

Change of pH of the outer region during fermen- 
tation. With the permeability of the outer surface of 
the cell wall as described, it would follow that with 
a low pH outside the cells, a low pH could be ex- 
pected in the outer region. Evidence of this appears 
in the succinic acid distribution. After 40 min. fer- 
mentation with centrifuged yeast suspended in 
0-6 vol. of 5% (w/v) glucose, there was found an 
average of 2-0 m-equiv. (0-6—3-7) succinic acid per kg. 
in the cells and 26 m-equiv./l. externally (range of 
19 to 30). With the solvent water in the outer region 
equal to 0-1 of the whole cell volume, it will be seen 
that even if the whole succinate system in the cell 
was then present in the outer region its total con- 
centration would be practically the same as that 
outside. This implies that the pH is well below the 
level of 4-2, for at this pH, which corresponds to the 


Table 4. Data with glyceric acid and pressed yeast, containing 4% interspace, 
for pH calculations of the outer cell region 


(1 kg. pressed yeast to 11. of glyceric acid. For the water abstracted from the cells the formula w=0-26m was used, 
where m is the molarity outside cells after suspending, determined experimentally. R determined from the equation 
R=(C,/C,, — 1-04 - w)/0-96. Numbers in brackets in second column give number of experiments.) 


Glyceric acid concn. w water pH of outer 
outside cells after abstracted region 
suspending C,, (mol./I.) CulCo (l./kg. yeast) R pH, (cale.) 
0-516 0-78 (3) 0-139 0-09 1-9 _ 
0-325 0-83 (2) 0-088 0-08 2-2 = 
0-133 0-85 (5) 0-036 0-10 2-5 3-60 
0-020 0-76 (6) 0-0054 0-26 3-6 4-16 
0-0084 0-64 (6) 0-0020 0-51 4-2 4-94 
0-0039 0-59 (4) 0-0011 0-64 4-7 5-48 


From the results obtained, the data in Table 4 
were assembled. The equation used for determining 
R values was 


R=(C,/C,— 1-04—w)/0-96, (7) 


similar to Eqn. 3 of the previous paper. In the 
previous paper w, as the water abstracted from 1 kg. 
of washed centrifuged yeast was determined frcm the 
relation w= 0-21M, where o is the molarity of the 


first ionization constant of succinic acid, the total 
concentration in the outer region would be twice the 
external value. 


DISCUSSION 


It is of interest in the present study that the acetic 
acid method, the carbonic acid method and the 
direct measurement with glass electrode after 
freezing and thawing, all give the same average 
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value of 5-8, within the sampling error, for the total 
PH of the yeast cell. This in turn provides evidence 
for the view that the adjusted pK values of 4-6 and 
6-2 for acetic and carbonic acids are at least approxi- 
mately correct for the in vivo conditions of the cell. 
After freezing in liquid air or oxygen and without 
monoiodoacetate, the thawing to room temperature 
should be done rapidly and the pH then measured 
without further delay, as it falls slowly with time. 

The average value of 5-8 for the intracellular pH 
is somewhat subject to the previous history of the 
yeast. Thus we have found that after prolonged 
oxygenation (8—48 hr.) it is approximately 6. 

The pH of the small outer region, or cell wall 
(Conway & Downey, 1950), seems in the resting state 
to be about the same as for the whole cell. 

During fermentation marked pH changes occur 
in the yeast cell. There is a considerable rise of the 
total or overall pH (carbon dioxide being evacuated). 
This increase of the pH was shown with 0-1m- 
potassium chloride in the suspending fluid, but it 
also occurs without potassium chloride in the sus- 
pending fluid but to a somewhat lesser degree (shown 
in a further communication). Increase in intra- 
cellular pH during fermentation was also observed 
by Brandt (1945). 

At the same time there is a marked fall in the pH 
value of the outer region or cell wall. Such changes 
have an important bearing on the mechanism of the 
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production of acidity by yeast, which in turn has a 
general biological application. 

When yeast is suspended in acetic acid solution 
(1:1) the acid enters very rapidly, and when in 
0-2m concentration would appear to have fully 
entered in less than 1 min. Under the given con- 
ditions there is but little metabolic disappearance of / 
the acetic acid, and when suspended in water some 
volatile acid, other than carbon dioxide and possibly 
acetic, appears outside the cells. 


SUMMARY 


1. The overall intracellular pH of resting baker’s 
yeast was determined by three methods, a glass 
electrode method after freezing with liquid air and 
thawing out, a carbon dioxide method and an acetic 
acid method. The mean values obtained were 
5-80+0-02 (eighteen determinations), 5-81 + 0-05 
(six determinations) and 5-81 + 0-02 (twenty-six de- 
terminations). 

2. The resting pH of the outer region (cell wall) 
was determined by the distribution of glyceric acid 
at various concentrations after suspending in 
glyceric acid solutions. The resting value appears to 
be the same or nearly the same as for the whole cell. 

3. When yeast ferments glucose this outer region 
becomes markedly acidic and the inner part of the 
cell more alkaline than in its resting state. 
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1. QUANTITATIVE RELATIONS OF SUCCINIC AND CARBONIC ACIDS TO THE 


When Pulver & Verzar (1940) showed that during 
short period fermentation potassium was absorbed 
by yeast and released again towards the end of fer- 
mentation, the occurrence appeared to be readily 
interpretable in terms of the process of potassium 
accumulation in muscle and other animal cells 
(Conway & Boyle, 1939; Boyle & Conway, 1941; 
Conway, 1945; Conway, FitzGerald & MacDougald, 
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1946; Conway, 1947a). It was quickly found that 
this special form of potassium absorption in yeast 
was associated with a high degree of acid formation 
(Conway & O’Malley, 1942). Direct exchange of K* 
and H* ions was recognized, but not considered as 
the main process until somewhat later (Conway & 
O’Malley, 1943), when it was shown that a pH as 
low as 1-7 could be produced by adjusting the con- 
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ditions. It is now known that a pH of 1-5-1-6 is 
readily obtainable, and 1-4 has been observed on a 
few occasions. It was also shown that a similar 
exchange of H* for NH} ions occurred in the special 
‘ammonia’ yeast, in which all the potassium in 
yeast was replaced by ammonium ions (Conway & 
Breen, 1945). Various quantitative data were 
published by Conway & O’Malley (1944), and a full 
account of experimental conditions some time later 
(Conway & O’Malley, 1946). 

Rothstein & Enns (1946) described experiments 
from which the same general conclusion could be 
drawn, that the K* absorption occurred as a direct 
exchange for H* ions, and it would appear had 
arrived at such a view as early as 1943 from their 
experimental data. 

Pursuing the question here as to the origin of the 
H* ions exchanging for K* ions, it became clear that 
the acidity produced by the fermenting yeast 
in an unbuffered solution was to be regarded under 
two headings, (a) organic acid excretion or its appear- 
ance outside the cells; (6) the K* and H* exchange 
when potassium chloride is added with formation of 
considerable free hydrochloric acid. 

In unbuffered solution with lkg. of washed 
centrifuged yeast suspended in 0-61. of 5% (w/v) 
glucose, about 40-50 m-equiv. organic acid per litre 
of external fluid appeared in the fluid outside the 
cells after 0-5 hr. at room temperature. This organic 
acid proved to be almost entirely succinic acid. If 
potassium chloride to the extent ofabout 100mmol./1. 
was incorporated in the glucose solution, the suc- 
cinic acid was much reduced in amount and free 
hydrogen ions to the extent of about 20 m-equiv. 
appeared, the total titratable acidity being increased, 
but usually only to a small extent. 

Here it seemed that succinic acid was a major 
source of the H* ions exchanged for K*, potassium 
succinate being retained in the cells. 

Further, it was found that if the yeast was oxy- 
genated for a long time prior to the fermentation, 
there was a considerable fall in the succinic acid 
extruded, and in one experiment it was almost 
entirely absent. Yet under these conditions the free 
acid was formed with potassium chloride present, 
and by exchange of K* for H* ionsreached maximum 
values. Clearly there was some other source of 
acidity, and it appeared that under these conditions 
extra bicarbonate was formed in the cells almost 
equivalent to the absorbed Kt ions. Under these 
circumstances, also, the total amount of ether- 
extractable organic acids (after acidification) in the 
yeast was decreased and practically no increase 
occurred during fermentation, although the highest 
levels of free H* ion excretion were reached. 

This indicated that succinic acid and carbonic 
acids could both contribute H* ions for the K* and 
H* ion exchange. After a long search they were the 
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only sources of acidity, of quantitative significance, 
that we could find to account for the anions asso- 
ciated with the K™ ions absorbed from an unbuffered 
solution. Furthermore, they were quantitatively 
adequate. 

The next phase of the research into the mechanism 
of the exchange, which is dealt with in another paper, 
led, however, to the conclusion that though carbonic 
acid, in an indirect way, as will be discussed, could 
be held to supply H* ions in exchange for the 
absorbed K* ions, it was not the immediate or direct 
source. The source was still an organic acid, but such 
acid appears now to be the reduced form of a heavy 
metal catalyst, of which only a trace need be present 
at any time, operating in a cycle of reduction and 
oxidation across the cell membrane. 

The present paper is mainly concerned with the 
quantitative relations of succinic and carbonic acids 
to the free acidity formed when K* exchanges for 
H* in fermenting yeast. Mention is also made of the 
search for other acids. Thus in a previous communi- 
cation (Conway & O’Malley, 1946) it was pointed 
out that pyruvic acid formation went parallel with 
the change of pH, but it was found that only a very 
small fraction of the absorbed K* could be asso- 
ciated with pyruvate ions, using unbuffered media. 
Besides pyruvic and phosphopyruvic acids, many 
others have been determined in the fermenting sus- 
pensions, including succinic, citric, isocitric, aconitic, 
acetic and oxaloacetic acids. An investigation of 
the total ether-extractable acids has also been 
carried out. 


METHODS 


Experimental 


The experiments throughout were carried out with baker’s 
yeast as supplied by the Cork Yeast Factory. Fresh yeast 
was washed twice with ten times its volume of tap water, and 
the moist yeast, after the second centrifuging, used in the 
fermentation studies. 

Oxygenated yeast. Such yeast was prepared by suspending 
1 part in 6 parts of tap water, and O, bubbled through the 
mixture from a cylinder for several days. 


Analytical 


Hydrogen-ion concentration and total acidity of the sus- 
pending fluid. The hydrogen-ion concentration was deter- 
mined both by glass electrode measurements of the pH and 
by electrometric titration and study of the titration curves, 
which also gave a measure of the total acidity and hence of 
the organic acid and its buffering power. 

Total ether-extractable acids (in suspension or suspending 
fluid). 10 ml. portions of yeast suspension or suspending 
fluid were added to 5ml. of 10N-H,SO, in a Kutcher- 
Scheudel type of extractor (Krebs, Smyth & Evans, 1940). 
The high concentration of acid was used to ensure that the 
yeast cells would be rapidly ruptured. The extraction was 
continued for 9 hr. after which the ether extract was dried 
over anhydrous Na,SO, and filtered. This treatment with 
Na,SO, removes any mineral acid, which may have been 
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carried over during the extraction. After very thorough 
washing of the sodium sulphate with successive portions of 
dry ether, the combined ether extracts were evaporated to 
dryness, the residue dissolved in 10 ml. of hot water, cooled, 
and electrometrically titrated. After the titration the neutral 
solution was usually transferred to a 25 ml. volumetric flask, 
made up to volume and the succinic acid content determined 
using succinic dehydrogenase. 

Keto acids. The method used was a modification of the 
colorimetric method developed by Lu (1939). The yeast cells 
were ruptured and two methods were employed for this 
purpose: (a) 2 ml. of yeast suspension were added to 10 ml. 
of boiling phosphate buffer, pH =7-4, and the boiling con- 
tinued for 3 min. The contents were then transferred quan- 
titatively to a 50 ml. graduated cylinder containing 35 ml. 
of 0-1% dinitrophenylhydrazine in 2N-HCl, made up to 
50 ml. and thoroughly shaken, 5 ml. of this suspension were 
used for the subsequent extraction. (b) The yeast suspension 
was immersed in liquid air. On thawing it was diluted as 
above with 35 ml. of 0-1% dinitrophenylhydrazine hydro- 
chloride and made up to 50 ml. 

Free pyruvic acid. In determining the free pyruvic acid 
by Lu’s (1939) method we found it advisable to add a high 
proportion of dinitrophenylhydrazine, as indicated above, 
in order to saturate the other ketonic components. 

Phosphopyruvic, pyruvic and total keto-acids. In order to 
determine the phosphopyruvic and other possibly phos- 
phorylated ketonic acids it was necessary to remove the 
phosphorus by acid hydrolysis. For this purpose 1 ml. of 
yeast suspension was added to 40 ml. of 0-1% dinitro- 
phenylhydrazine in 2N-HCl, heated to 80° and maintained 
at this temperature for 1 hr. On cooling, the contents were 
made up to 50 ml., and 5 ml. of the suspension was used for 
the determination. 

Succinic acid. In the initial experiments, the chemical 
method as developed by Goepfert (1940) was used. Sub- 
sequently, the biological method using succinic dehydro- 
genase was employed (Weil-Malherbe, 1937; Krebs et al. 
1940). Also we have found electrometric titration a very 
rapid and sufficiently accurate method for succinic acid 
determinations when, as in the suspending fluids after 
fermentation, other acids with similar ionization constants 
were present only in negligible amounts. On the electro- 
metric titration curve the equivalents of alkali required to 
titrate from a pH of 4-0—5-5 is multiplied by 1-75 to convert 
to equivalents of succinic acid. 

Citric, isocitric and cis-aconitic acids. The method used was 
that of Krebs & Eggleston (1944). 

Acetic acid. This was determined by a steam-distillation 
method, the distillate being collected in successive fractions 
and titrated. 

The carbon dioxide system. The CO, content of yeast 
fermenting under various conditions was determined by a 
microdiffusion procedure (Conway, 19475; using no. 2 micro- 
diffusion units). The fermentation conditions were the 
following (the volumes of suspending fluid, etc., being 
previously described): 

(1) Yeast fermenting with exposure to the atmosphere. 

(2) Yeast fermenting in vacuo. In these experiments the 
mixture was fermented in Thunberg tubes continuously 
exhausted by a water pump. In some cases cotton wool, 
impregnated with 10% (w/v) NaOH, was placed in the side 
arm to reduce further the CO, tension. 

(3) Yeast fermenting in a stream of pure COQ,. 
(4) Yeast fermenting in a stream of pure O,. 
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For the in vacuo experiments 25 ml. of hot NaOH solution 
were run into each Thunberg tube containing 5 ml. of 
fermenting mixture at the end of the fermentation period, 
and the CO, then determined with suitable blanks. In some 
experiments samples were taken directly without intro- 
duction of alkali. With the experiments in which CO, was 
bubbled through the mixtures, the procedure has been 
described in a previous communication (Conway & Downey, 
1950). 

In these experiments, controls containing similar yeast 
suspensions without glucose, water being added in similar 
volume to the glucose solution, were set up, and also the gas 
was bubbled through water and KCI solution, the latter con- 
taining KCl in the same concentration as in the suspending 
fluid for those yeast suspensions which contained KCl. 

Fermentation rate. The suspension consisted of 10 parts 
of moist yeast (by weight), 5 parts of tap water or 0-2M-KCl 
and 1 part of 30% (w/v) glucose. 

After addition of the glucose solution, 0-5 ml. samples 
were added in a thin uniform layer to the outer chamber of 
no. 2 units. Immediately prior to sealing the unit 0-2 ml. 
of 0-17N-NaOH containing phenolphthalein as indicator was 
added to the central chamber, the lid quickly placed on the 
unit and this rotated once or twice. The time of sealing was 
noted, and the unit left absorbing for exactly 10 min. After 
removal of the lid two drops of saturated BaCl, solution were 
added to the NaOH solution to precipitate the carbonat 
and the unit immediately titrated with 0-2N-HCIl. 


RESULTS 


The significance of succinic acid for the hydrogen- 
ton exchanges 


The formation of succinic acid. It was found at an 
early stage, under the conditions of fermentation in 
which a high proportion of yeast to suspending fluid 
(1: 0-6 or 1: 1) existed, that much free organic acid 
was formed and diffused out of the yeast cells. With 
potassium chloride introduced into the suspending 
fluid and a corresponding marked fall in the pH 
during fermentation, there was a considerable 
diminution in the organic acid appearing in the outer 
medium. The curves of Fig. 1, summarizing three 
sets of experiments, illustrate the results of the 
electrometric titration of the suspending fluid with 
and without potassium chloride, expressed as 
m-equiv. of titrating alkali per litre of fluid. 

In these experiments the total acid production is 
not much different when one includes potassium 
chloride, but it has changed in type, a considerable 
proportion appearing as free dissociated acid or as 
free hydrogen ions, with a corresponding fall in the 
organic acid. 

The nature of the organic acid was then investi- 
gated, and it was found to be almost entirely succinic 
acid. The pure acid and sodium salt were isolated in 
practically quantitative amounts as determined by 
Goepfert’s (1940) method and later by the succinic 
dehydrogenase method. Determinations by the 
Goepfert method showed that at least 90% of the 
organic acid appearing in the suspending fluid was 
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succinic acid, and the results with the succinic de- 
hydrogenase method indicated that practically all 
the organic acid was present in this form. Also, the 
form of the electrometric titration curve of the 
suspending fluid agrees almost exactly with similar 
titration curves of pure succinic acid. 


Without 





Titration (m-equiv./I.) 








Fig. 1. Titration curves of supernatant fluid after fermenting 
1 part of washed centrifuged yeast with 0-6 vol. of 5% 
(w/v) glucose containing 0-1m-KCl, both for 40 min. at 
room temperature. Each curve is from the averaged data 
of three sets of experiments. The dotted line indicates 
the level of free HCl present. 


Here attention may be drawn to the large amounts 
of succinic acid in the suspending fluid under the 
fermentation conditions, about 0-2 % (w/v) free acid 
appearing in the unbuffered fluid external to the 
yeast cells after 30 min. 

Succinic acid and the H* and K* eachanges. Ex- 
periments were then carried out in which the suc- 
cinic acid formation, in the presence and absence of 
potassium chloride, was determined in the yeast cells 
(calculated from that in the suspending fluid and in 
the whole suspension) as well as in the centrifuged 
fluid. Such experiments are illustrated in Table 1. 

In the presence of potassium chloride the succinic 
acid in the suspension as a whole differed little from 
that of the suspension without potassium chloride, 
the concentration being 14:4 m-equiv./l. as com- 
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pared with 13-2 m-equiv./l. In the distribution of 
the succinic acid, there was, however, a marked 
difference. With potassium chloride the succinic acid 
in the suspending fluid was 7-6 m-equiv./l. less, and 
in the yeast cells 5-4 m-equiv./l. more than the 
corresponding figures without potassium chloride. 


a 
o 


30 
20: 
10 





0 
0 10 20 30 40 50 60 70 80 90 100 
Time (min.) 


Acid (m-equiv./|. of outer medium) 


Fig. 2. Average curves of total acid and of succinic acid per 
1. of supernatant fluid after fermenting for different time 
periods. 1 1. of 5% (w/v) glucose, with and without the 
addition of 0-04 1. 2n-KCl, with 1 kg. of centrifuged yeast. 
Room temperature. Three sets of experiments for each 
curve. Curve A, total acid with KCl; curve B, succinic 
acid with KCl; curve C, total acid without KCl; curve D, 
succinic acid without KCl. 


Succinie acid was thus retained in quantity in the 
cells in the presence of potassium chloride. Assuming 
that the higher succinic acid content of the yeast cells 
supplies the anions associated with the K™ ions ex- 
changed for the H* ions and that only the first 
ionizing group of succinic acid is involved (pK = 4-2) 
then, under such conditions, about 50% of such 
associated anions can be accounted for by succinic 
acid. 

The degree to which succinic acid is involved can 
vary much with the previous history of the yeast. 
As will be seen, after the yeast has been oxygenated 
for some days succinic acid contributes only a little 
to the acid formation. 

Fig. 2 shows the course of the appearance of suc- 
cinic acid and of the total titratable acid in the outer 


Table 1. Succinic acid content of yeast cells and of the outer medium after 40 min. fermentation 


(1 vol. of centrifuged yeast containing 0-2 vol. intercellular fluid to 0-5 vol. of water or 0-2m-KCl, plus 0-1 vol. of 30% 
(w/v) glucose. The succinic acid concentrations are expressed throughout as m-equiv. with reference to 1 1. of the suspending 
fluid, or outer medium, which is also approximately the same as expressing them with reference to 1 kg. yeast cells, and 


about twice the value if referred to 1 1. of suspension.) 


Without KCl 
cr . —, 
Succinic acid 





pH outer ————— 
medium Outer medium Cells 
2-95 29-1 ° 3°7 

3-00 19-3 2-0 

3°15 30-4 0-6 

Mean 3-05 26-3 2-0 


With KCl 
————— 


Succinic acid 


— 
pH Outer medium Cells 
1-95 21-0 6-3 
1-80 11-7 7:3 
2-15 23-7 9-0 
1-97 18-7 T4 
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medium from the beginning of fermentation (1 kg. of 
centrifuged yeast to 1 1. of 5% (w/v) glucose, with 
and without the inclusion of 40 ml. of 2N-potassium 
chloride). 
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Fig. 3. Average curves of total acidity and of succinic acid 
as in Fig. 2, but with KCl added after 40 min. (0-04 1. of 
n-KCl) as well as at the beginning. Three sets of experi- 
ments for each curve. Curve A, total acid with KCl 
included from zero time; curve B, succinic acid with KCl 
included from zero time; curve C, total acid with KCl 
added after 40 min.; curve D, succinic acid with KCl added 
after 40 min. 


It will be seen that without potassium chloride 
total titratable acid concentration is nearly identical 
with that of succinic acid in the suspending fluids. 
In these experiments the presence of potassium 
chloride results in the total acid being much in- 
creased and the succinic acid reduced by a nearly 
corresponding amount. 
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Fig. 4a, b. Mean curves of total acid (dotted lines) and succinic acid up to 4-5 hr. Conditions similar to Fig. 2. 
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a fall in the external succinic acid concentration and 
a rapid rise in the free and total acidity. The rise in 
the free acid is much greater than the fall of the 
succinic acid. The dotted curves give the mean 
figures for total acid and succinic acid when the 
potassium chloride is included from the beginning of 
fermentation. 

Figs. 4a, b show the course of the total acid and 
free succinic acid formation with 10 and 5% (w/v) 
glucose, and potassium chloride included from the 
beginning, the proportions being as for Figs. 1 and 2. 
It will be seen that after about 3 hr. the total acid 
reaches the level of succinic acid. Even after 24 hr. 
there is very little change in the succinic acid level, 
with the total acidity a little below it, due no doubt 
to some neutralization by base. 

Succinic acid and hydrogen-ion production by 
baker’s yeast after a prolonged period of oxygenation. 
The baker’s yeast after preliminary washing was 
suspended in tap water, 1 kg. of yeast to 0-61. of 
tap water, and oxygenated for varying periods up 
to 5 days. This yeast on subsequent fermentation, 
under the usual conditions and in the presence of 
potassium chloride, gave consistently the lowest pH 
values reached for the suspension, this being about 
1-6, though 1-4 has been observed on a few occasions. 
At the same time a very marked fall in the succinic 
acid formation occurred, with or without potassium 
chloride. 

Fig. 5 shows the comparison of the electrometric 
titration curves of the outer media under the 
fermenting conditions described, and after an 
oxygenation period of 5 days. It will be seen that 
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included from the beginning; Fig. 4a shows the results with 10% (w/v) glucose; Fig. 4b with 5% (w/v) glucose. 


Fig. 3 shows the effect of adding the potassium 
chloride (in the same proportion as for Fig. 2) after 
the fermentation has proceeded for 40 min. There is 





after the 5 days’ oxygenation, and by comparing 
with the results of Fig. 1, a very marked fall of suc- 
cinic acid production has occurred and an increase 
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in the free acidity when potassium chloride is present 
in the outer medium. Retained succinic acid can 
here account for only a small fraction of the K* ions 
absorbed, which in turn exchange for H™ ions. 


Acid (m-equiv./I.) 





0 A 
0 1 , ae ea > «© 7 


Fig. 5. Titration curves as in Fig. 1, but with yeast 
oxygenated for many hours prior to the fermentation. 


Another experiment with oxygenated yeast, where 
the pH of the outer medium reached as low as 1-53, 
shows clearly that the K* ions absorbed to account 
for the free acid obtained on fermenting in the 
presence of potassium chloride, are associated with 
the anions of some acid other than succinic, or any 
such acid which can be removed by prolonged ex- 
traction with ether. Data from this experiment are 
given in Table 2. 
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could be associated with the carbonic acid system 
increases from about 20 % at a pH of 2-10 (in vacuo) 
to 86 % at a pH of 1-68. The lowest pH levels using 
potassium chloride occur with oxygenated yeast. 
As the amount of free acid associated with HCO; in 
the yeast cell increases, the association with suc- 
cinic acid or its anion decreases and practically dis- 
appears in some experiments, one of which was 
exemplified in the previous section (Table 2). 

The regression equation giving the relation of 
excess acid-labile carbon dioxide (Y) to the hydro- 
gen-ion concentration (X) developed (nineteen sets 
of observations, with a correlation coefficient of 0-84) 


- X=1-15Y-8-2. 


Thus when the excess acid-labile carbon dioxide in 
the yeast cells ( Y) is 20 mmol./l. suspending fluid, the 
hydrogen-ion concentration (X) is 14-8 m-equiv./l. 
of suspending fluid. 

The nature of the acid-labile carbon dioxide retained 
using potassium chloride. The introduction of 
samples of the fermenting mixtures into dimethyl- 
amine and dimethylamine containing barium 
chloride, with analyses of the centrifuged mixture, 
gave a measure of the amount of barium-insoluble 
fraction and the free carbon dioxide plus any carb- 
amino fraction. Such experiments were carried out 
with group 2 of the experiments with carbon dioxide 
bubbling (Table 4), and are summarized in Table 5. 
It will be seen that the increase of acid-labile carbon 
dioxide is almost altogether assignable to the 


Table 2. Succinie and total ether extractable acid content of oxygenated yeast cells and suspensions 


Suspending fluid 


Yeast cells 


eee — ‘ 
Free HCl in Total ether Total ether 
Time of suspending Succinic extractable Succinic extractable 
fermentation pH of fluid acid acids acid acids 
(min.) suspension (m-equiv./I.) (m-equiv./1.) (m-equiv./l1.) (m-equiv./I.) (m-equiv./I.) 
0 -- 0-0 0-0 1-0 1-4 13-3 
24 1-53 29-6 0-0 2-9 4-6 15-2 


The carbonic acid system 


From the conclusions in the previous paragraph 
we were led to investigate the acid-labile carbon 
dioxide in relation to the K* absorption on the acid 
production. The total acid-labile carbon dioxide was 
investigated during fermentation, as described under 
Methods, for experiments in which the fermentation 
was conducted in vacuo, or with carbon dioxide or 
oxygen bubbling. 

Table 3 summarizes the results obtained, and 
Table 4 is derived therefrom. It will be seen that for 
the various conditions there is a definite increase of 
acid-labile carbon dioxide due to the inclusion of 
potassium chloride during fermentation. It is least 
for the in vacuo series, and so also is the free acidity. 
The proportion of the free acid developed which 


barium-insoluble fraction, and is thus probably 
HCO, or H,CO,. Attention may be also drawn to 
the fact that the increase of acid-labile carbon 
dioxide on fermenting over that of the resting yeast 
is also nearly all in the barium-insoluble fraction. 
The increase of residual carbon dioxide which would 
include free carbon dioxide as well as any carbamino 
derivatives is relatively very small. 

Effect of potassium chloride on the fermentation rate. 
In connexion with these experiments, it is significant 
to inquire if potassium chloride affects the fermen- 
tation rate. Fig. 6 shows the rate of evolution of 
free carbon dioxide from yeast fermenting mixtures 
with and without potassium chloride, set up as 
described under Methods. The curves may be re- 
garded as derivative curves d [CO,]/dt against ¢ of 
the carbon dioxide formed up to any given time. It 
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Table 3. Total acid-labile CO, in yeast, resting and fermenting with and without KCl 
(All concentrations expressed as mmol./]. Suspensions and times as for Table 1.) 
Acid-labile CO,/1. suspension 
pH of fermenting 
Without KCl With KCl mixtures 
—_—_ ee me  —_ eet 

No. of Non- Non- Without With 

Conditions experiments fermenting Fermenting fermenting Fermenting KCl KCl 

In vacuo 5 0-0 6-6 0-0 7:3 3-45 2-10 

O, bubbling 5 0-7 4-9 0-0 7-4 3-00 1-82 

CO, bubbling 3 38-2 48-0 40-4 55-0 2-96 1-80 
(1st series) 

CO, bubbling 6 41-0 46-9 37-4 51-9 3-10 1-68 


(2nd series) 


Table 4. Increase of acid labile CO, due to fermentation, with and without KCl 


(All concentrations expressed as mmol./]. Suspensions and times as for Table 1.) 


Increase of acid-labile CO, 


due to fermentation 


Increase of acid-labile 


CO, due to Free acid formed with 


No. of Without KCl With KCl KCl inclusion KCl inclusion 
Conditions experiments (suspension) (suspension) (fluid outside cells) (fluid outside cells) 
In vacuo 5 6-6 7:3 1-3 7-5 
O, bubbling 5 4-2 7-4 6-1 14-2 
CO, bubbling 3 9-8 14-6 9-1 14-9 
(1st series) 
CO, bubbling 6 5-9 14:5 16-2 20-0 


(2nd series) 


Table 5. Increase of total acid-labile CO, for the last series of experiments of Table 4, with data for the HCO, 
plus H,CO, (total Ba-insoluble fraction) and the residual acid-labile CO, changes 


(Average of six experiments.) 


Without KCl 


(mmol./l. 
suspension) 
Total acid-labile CO, increase 5-9 
Increase of H,CO, plus HCO, 5-65 
Residual acid-labile increase 0-3 


will be seen that some difference exists. At about 
30 min. carbon dioxide is being evolved somewhat 
more rapidly with the potassium chloride mixture. 
After 40 min. the reverse occurs, the evolution of gas 
being slower with potassium chloride. The question 
arises of a difference in rate of evolution accounting 
in some degree for the difference in retention of acid- 
labile carbon dioxide due to potassium chloride ; but 
examination of the data shows that it accounts for 
none. Whether the mixture is examined after 
30 min. when the evolution is somewhat greater 
with potassium chloride, or at 50 min. when it is 
less, the retained carbon dioxide is similar in amount. 
Also it may be noted that the increased retention 
of acid-labile carbon dioxide, due to fermenting in 
the presence of potassium chloride, is 140% more 
than when fermenting without potassium chloride, 
whereas the corresponding increase in rate of evolu- 
tion of carbon dioxide is only 20% after 30 min., 
changing to a decrease after 50 min. 


Increase due to KCl 
With KCl 


(mmol./I. (mmol./I. (mmol./1. 
suspension) suspension) external fluid) 
14:5 8-6 16-2 
13-7 8-0 15-1 
0-85 0-55 1-0 


Other acids involved in the production of yeast 
acidity 

For the conditions examined (unbuffered sus- 
pending media in which the cells are suspended in 
about their own volume of fluid) no other acid of 
quantitative significance, besides succinic and car- 
bonic, was found involved during fermentation in 
the acidic excretion. This, however, may not be so 
when the conditions are much changed, and other 
organic acids, besides succinic, may play a re- 
latively important role. It was found that an 
increase in pyruvic acid formation and excretion 
went parallel with the free acidic excretion (K* and 
H’ exchange), but it was quantitatively very small, 
being of the order of a few mg./100 ml. Similarly, 
phosphopyruvic acid and acetic acid were only ex- 
creted in trace amounts. 

Practically negative results were obtained for the 
other acids examined. 
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DISCUSSION 


In considering the quantitative relations of succinic 
and carbonic acids to the free H* ions produced, 
when K* exchanges for H* in fermenting yeast, these 
are considered here in an overall relationship, apart 
from the intimate nature of the mechanism involved 
which is dealt with later. 


CO? (mmol./min/kg. yeast) 





0 10 20 


30 40 50 
Time. 


Fig. 6. Rate of emission of CO, from fermenting mixture, 
1 part of washed centrifuged yeast to 0-6 vol. of 5% (w/v) 
glucose, containing 0-1mM-KCl (dotted line) and without 
0-1m-KCl (continuous line). 


If we suppose that no organic acid is being excreted 
from the cell, a condition approached by prolonged 
oxygenation prior to fermentation, and then that 
potassium chloride is introduced with K* ex- 
changing for H* ions, such H* ions leaving the cell 
might at first be considered to derive directly from 
the reaction 


H,CO, > H*+HCO;. 


In this connexion there was evidence for the view 
that in decarboxylation carbonic acid was directly 
produced instead of carbon dioxide. The direct 
formation of carbonic acid seems to depend on the 
conditions (Conway & O’Malley, 1948; Krebs, 
1948). 

It was found experimentally, as shown above, that 
for the conditions mentioned and bubbling with 
carbon dioxide at atmospheric pressure, that the H* 
ions appearing outside the cells were accompanied 
by an increase of intracellular bicarbonate to as 
much as about 75 % equivalence. 

However, the idea of a direct origin from carbonic 
acid with quantitative significance is abandoned for 
the reason that during the fermentation the pH of 
the outer region of the cell, in which the K* and H* 
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exchange was presumed to occur, would be lower 
than 3-4 as calculated from the distribution of the 
succinic system, and for other reasons. If the in- 
creased bicarbonate were then present in the outer 
region, the resulting concentration of carbonic acid 
would be far higher than could be accounted for by 
the carbon dioxide evolution. 

As given in a following paper (see also Conway, 
Brady & Carton, 1949) the evidence is now very 
strong for the view that the increased bicarbonate 
arises in the inner region of the cell in a cycle of 
oxidation and reduction. When the catalyst is re- 
duced in the outer region it liberates hydrogen ions, 
retaining electrons, and when it is oxidized in the 
large inner region of the cell it takes up hydrogen 
ions and transfers hydrogen atoms to an acceptor. 

When the hydrogen ions are so removed, they are 
replaced by the following types of reaction 


RCOOH + RCOO” + Ht 
RNH?‘ > RNH,+H* 
H,CO, > H* + HCO; 


nwo =_ 
—~— 


+ 
(or H,O+CO,) 


In the first two the H* replacement derives from the 
general buffering of the cells. The change of intra- 
cellular pH on fermentation under the conditions 
can be calculated from the data of Table 4, and from 
data of a previous paper (Conway & Downey, 1950), 
and an estimate made therefrom of the relative part 
played by reactions (1) plus (2) and reaction (3). 

For the nine experiments with carbon dioxide 
bubbling, there are 47-3 mmol. acid-labile carbon 
dioxide/litre of mixture without potassium chloride, 
and 52-9 mmol./l. with potassium chloride. From 
the data under Table 3, it may be calculated that 
there are 28-6 and 44-2 mmol. HCO; /l. of cell water 
with and without potassium chloride, giving pH 
values of 6-04 and 6-23 respectively. If the difference 
of 44-2—28-6= 15-6 mmol. were quantitatively re- 
lated to a corresponding free hydrogen-ion excretion, 
this would be expressed per litre of external fluid as 
15-6 x 0-36/0-53 (0-36 being the cell water in 1 |. of 
mixture and 0-53 the external water)=10-6 m- 
equiv./l. of external fluid. 

At the same time there is a release of hydrogen 
ions from the fixed buffering from a pH of 6-04 to 
6-23, i.e. a change of 0-19. This fixed buffering has 
a value under the conditions of approximately 
50m-equiv./l. cell water/pH unit, so that 9-5m-equiv. 
of hydrogen ions/l. cell water are released, or 
9-5 x 0-36/0-53=6-5 m-equiv./l. external fluid. The 
total then of HCO; and of fixed buffering con- 
tribution of hydrogen ions is approximately 
17 m-equiv. This, if the view of a cyclically acting 
catalyst is correct, should correspond to the external 
free hydrogen ions, and from the pH measurements 
this external value is 16-5 m-equiv. 
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Such hydrogen ions are not of course excreted out 
of the cell, but express the amounts removed inside 
on the regeneration of the catalyst, which can then 
convert in turn metabolic hydrogen from the de- 
hydrogenase into hydrogen ions. 

Neither do the hydrogen ions inside the cell which 
are contributed to the cycle arise from the reaction, 
H,O + H*+OH , but from the three reactions 
above. It is possible, but apparently not essential, 
to consider reaction (2) as involving a prior addition 
of OH . In applying such changes to the gastric 
mucosa on acidic secretion, the HCO; ions would be 
exchanged for Cl’, a steady or near steady state 
being set up in which practically all the hydrogen 
ions used in the oxidative phase of the catalyst 
derive from carbonic acid, as in the third reaction 
above. This has already been pointed out for the 
overall change in an organic acid cyclically restored 
and contributing hydrogen ions to the gastric juice 
(Conway & Brady, 1947). 

The above calculations refer to yeast which had 
received prior oxygenation to somewhat varying 
degrees, but sufficient to depress considerably the 
succinic acid in the cell and its excretion on fermen- 
tation. If, on the other hand, the case be taken 
where the yeast has not been oxygenated and 
ferments glucose in an unbuffered solution, then in 
the presence of potassium chloride the total titrat- 
able acidity is but little increased, from 44 to 
46 m-equiv./l. (Fig. 1), but the succinic acid has 
fallen from 44 to 24 m-equiv./l. and the free hydro- 
gen-ion concentration has risen from about 1 to 
20 m-equiv./l. 

Thus it would appear that the retention of suc- 
cinic acid is nearly equivalent to the absorption of 
K* ions with corresponding rise in external hydrogen- 
ion concentration. Retention of succinic acid is 
shown by direct analyses. 

If the result were such that the total titratable 
acidity was quite unaltered by potassium chloride, 
then an exact balance between retained succinic 
acid and free H™ ions outside would be expected, and 
no increase occur of HCO; ions specially associated 
with the absorption of K* ions, or resulting from the 
addition of potassium chloride. 

All intermediate degrees between the extreme of 
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no increase of HCO; content with the appearance of 
free H™ ions and an increase of up to 75% equiva- 
lence may be possible depending on the previous 
history of the yeast cells. 


SUMMARY 


1. When baker’s yeast ferments 5% (w/v) un- 
buffered glucose, there being about an equal volume 
of cells to sugar solution, organic acid is excreted to 
about 40—50 m-equiv./l. of external fluid. Such acid 
is almost altogether succinic. 

2. With 0-1—-0-2m-potassium chloride 
porated in the glucose solution there is but a small 
increase in total acid excreted, but the succinic acid 
is much decreased and free H* ions appear in roughly 
similar amount, usually near 20 m-equiv./I. 

3. With prolonged oxygenation, 24-48 hr., before 
fermentation, the succinic acid excretion is greatly 
lessened and may almost disappear. Then very little 
total ether-extractable acids are found in the yeast 
suspension. At the same time, the maximum forma- 
tion of free acid appears when potassium chloride is 
incorporated. A pH as low as 1-4 has been twice 
noted, and 1-6 frequently observed. Bubbling with 
carbon dioxide at atmospheric pressure, it is found 
that with potassium chloride, the increase in free 
acid is accompanied by an increase of acid-labile 
carbon dioxide up to about an 80% equivalence. 
This acid-labile carbon dioxide was shown to be 
HCO, by the use of dimethylamine and barium 
chloride. As the succinic acid excreted in the 
presence of potassium chloride is decreased, as by 
prior oxygenation, the acid-labile carbon dioxide is 
increased in the cells relative to the control without 
potassium chloride. 

4. Forthe conditions studied succinic and carbonic 
acids were the only acids found of quantitative 
significance for association, as anions, with the K* 
ions absorbed, apart from possible changes in the 
fixed buffering of the cells. 

5. The succinic acid excreted outside the cells 
during fermentation remains for many hours un- 
changed in concentration, but the free H* ions 
formed by the exchange for K* practically disappear 
in. 3—4 hr. 


incor- 
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Biological Production of Acid and Alkali 


2. A REDOX THEORY FOR THE PROCESS IN YEAST WITH 
APPLICATION TO THE PRODUCTION OF GASTRIC ACIDITY 


By E. J. CONWAY, T. G. BRADY ano E. CARTON 
Department of Biochemistry and Pharmacology, University College, Dublin 


(Received 8 November 1949) 


In a previous communication (Conway & Brady, 
1950) it was shown that the H* ions produced in the 
K* and H* exchange were associated with an in- 
crease of HCO ; ions or alternatively a retention 
of succinic acid. Extreme conditions could be 
approached when much the greater fraction was 
quantitatively associated with HCO, or, on the 
other hand, with an equivalent retention of suc- 
cinate. All intermediate positions are probably 
possible. 

In the first case, with no organic acid excretion the 
only fixed acidity formed outside the cell is due to 
the exchange of K* and H* ions. In the second, the 
total acidity excreted is unchanged by the addition 
of K* ions. 

With the fixed acidity outside the cells arising only 
from the Kt and H* exchange, besides no appre- 
ciable excretion of organic acid, there is also no 
significant increase of such metabolic ether-ex- 
tractable acids present within the cell. A consider- 
able fraction of the K* ions absorbed appears then 
to be associated with HCO; ions. Yet it may be 
concluded that carbonic acid in the outer region of 
the cell cannot be a quantitatively important source 
of the H* ions exchanging for K*, since the free 
carbonic acid concentration is necessarily very low 
when the carbon dioxide output and pH of the 
region are considered. 

The facts established in the present paper throw 
a fuller light on the mechanism involved, and lead 
to a redox theory of the origin of the H* ions ex- 
creted either in exchange for K* ions or as free 
organic acid. 

METHODS 

Measurement of external acidity. For present purposes it 
was unnecessary, apart from pH measurements, to make 
exact determinations of free organic acid. The total fixed 
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acidity was the significant quantity. This was measured by 
centrifuging the sample of yeast suspension, and pipetting 
0-5 ml. of the supernatant into a 25 ml. Pyrex beaker, and 
allowing it to stand exposed to the atmosphere for about 
1 hr., if the pH were no higher than about 5, to allow any 
free CO, to escape. The escape was also usually assisted by 
rocking, and in some cases by heating. The sample was then 
titrated against phenolphthalein. 

Measurement of the overall pH of the yeast cells (evacuated 
of carbon dioxide). After centrifuging, the yeast was rapidly 
collected into a linen bag and pressed in a hand press, shown 
to be efficient in expelling the interspace water to about 
0-5 % of the whole. The procedure was then the same as the 
freezing method described in a previous paper (Conway & 
Downey, 1950), but prior to examination the mixture was 
subjected to a vacuum for a short time. 

For comparative purposes another method was used in 
which 5 g. of the pressed yeast was introduced, a little at 
a time into 15 ml. boiling water, the mixture cooled and 
made up with water to 25 ml. 

Measurement of the H* ions removed from the yeast cells on 
fermentation. This could be obtained by titrating back the 
frozen, thawed and evacuated yeast to the pH of the control 
yeast which had not fermented glucose, but a better pro- 
cedure was considered to be the following. The fixed acid 
in a sample of the fluid outside the cells was determined as 
above, then the suspension was frozen as a whole, thawed, 
evacuated and the pH taken. From the buffering curve 
obtained by electrometric titration, the amount of alkali 
or acid necessary to bring the pH to that of the resting cells 
was then determined. Usually it was very small, as the 
external acidity was balanced by a practically equal 
alkalinity produced within the cells. A similar procedure 
was adopted in the boiling method. 

Effect of inhibitors. The effect on the acid and ethanol 
production of a number of inhibitors was examined in 
different concentrations and at different pH values. The pH 
was adjusted by succinate, citrate or phosphate buffers. 

Yeast suspensions. For the investigation of the equi- 
valence of alkali and acid production, the washed centrifuged 
yeast was suspended in she proportions of 1 kg. of washed 
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centrifuged yeast to 0-6 1. of 5% (w/v) glucose, which in some 
of the experiments contained 0-1M-KCl. 

For the investigation of the inhibitors, 1 kg. of centri- 
fuged yeast was suspended in 31. of 0-1M-KCl, 0-31. of 
inhibitor solution added and 0-11. of 30% (w/v) glucose. 
All fermentations were conducted at room temperature 
which varied from about 17 to 20°. At varying times after 
the addition of the glucose, samples were taken, centrifuged 
and the supernatant fluid pipetted into clean dry tubes and 
stored in ice if not immediately titrated. 

Ethanol determination. This was determined in 0-1 ml. 
samples of the suspending fluid by a microdiffusion method 
(modified Winnick method; Conway & Nolan, 1948). 


RESULTS 


The correspondence of alkali formed within the cell 
to acid excreted 


It will be seen from Table 1, giving the results of 
the freezing method, that as the external solution 
becomes markedly acid, pH of 3-1 without potassium 
chloride and of 1-9 with potassium chloride, the pH 
within the evacuated cells becomes correspondingly 
alkaline. Such experiments were carried out without 
any external buffering. 
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been observed. The Table also gives the mean of | 
four sets of experiments in which the boiling method 
for pH determinations was adopted. This method 
gives results above the true intracellular values / 
(Conway & Downey, 1950), but is useful for com- 
parative study. It will be seen that there is a marked 
increase of pH in the fermented cells, but the fer- 
mented suspensions with the cell contents released 
by boiling show very little change, namely, 0-08 
without potassium chloride, and, 0-03 with potas- 
sium chloride. } 


Comparison of acid and alkali produced as 
m-equiv./kg. cells 


This comparison was made by determining the | 
amount of alkali required to bring the frozen thawed 
suspensions, or alternatively, the suspensions with 
the cells broken by the boiling technique to the 
same pH as the resting yeast similarly treated. Such 
values subtracted from the acid produced in the 
fluid outside the cells gave the alkali formed intra- 
cellularly, all values being expressed per kg. of yeast 
cells. 


Table 1. Average of a series of experiments with pH determined after freezing in liquid oxygen 
with subsequent thawing 


(In series A the overall pH of the cells was determined by the method of first breaking the cell walls of the pressed 


yeast by freezing in liquid air or oxygen, and in series B after rapid destruction of the cells in boiling water as described 


in Methods.) 
pH of fermented cells 


Series Unfermented 
of cells Without With 
exps. (pH) KCl KCl 
A 5-85 (9) 6-11 (5) 6-35 (5) 
B 6-27 (4) 7-06 (4) 7-25 (4) 


The Table shows the average of the pH of the 
suspensions frozen in liquid oxygen and thawed 
again to room temperature. With the suspensions 
containing added potassium chloride a correction is 
necessary for the potassium chloride effect on the 
pH as determined by the glass electrode, by com- 
paring similar frozen suspensions with graded 
additions of potassium chloride in the same volume 
of suspending fluid. From such a study 0-11 pH is 
added to the pH of the potassium chloride sus- 
pensions to equalize the conditions without added 
potassium chloride. 

It will be seen that the pH of the suspensions, 
despite the large amount of external acid produced, 
is but little different from that of the resting cells. 
This can only mean that nearly the same equivalent 
of alkali is produced within the cells as acid outside. 
If to 1 vol. of the external fluid after 30 min. fermen- 
tation were added 1 part of pressed, frozen and 
thawed resting cells then, instead of a pH of 5-8, a 
value at or near 5-0 could be expected and has in fact 


pH of fermented suspensions pH of suspending fluid 
pos | 
Without With Without With 
KCl KCl KCl KCl \ 
5-76 (8) 5-82 (8) 3-1 (5) 1-9 (5) 
6-19 (4) 6-24 (4) 3-0 (4) 2-0 (4) 


Table 2. Acid and alkali produced, m-equiv./kg. 





cells 
Without KCl With KCl 
| th Y i ‘% 
Differ- Differ- 
Acid Alkali ence Acid Alkali ence 
38 33 - 5 40 40 0 
38 26 -12 52 43 - 9 
41 — ag 44 49 +5 | 
32 33 +1 42 40 - 2 
Oxygenated yeast 
14 12 - 2 35 38 - 3 ) 
13 4 - 9 30 30 0 | 
15 25 +10 20 18 2 
Mean 27 25 -2-7 38 37 -16 


Seven sets of such experiments are available for 
the comparison, three with prior oxygenation 
(Exps. 5-7 in Table 2) and four without. It will be 
seen that the average figures show that with 
27 m-equiv./kg. cells of acid produced, 25 m-equiv. 
alkali are formed, and with potassium chloride 
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38 m-equiv. acid are excreted and 37 m-equiv. 
alkali formed. 

On the average, about 93% of the acid is com- 
pensated by alkali formation or H* ion removal, but 
the difference from total compensation lies within 
the sampling error. Thus the total alkali required for 
full compensation was — 2-1 + 1-5m-equiv., the total 
acid formed being 32 m-equiv./kg. cells. 

The individual experiments show variations from 
12 to — 10 or from 5 to — 9 m-equiv. alkali required 
to bring the mixture to the resting pH, but such 
could arise from some inexactitude in the pH deter- 
mination or from small differences in the yeast 
samples, but the variation observed seems to be 
practically unrelated to the magnitude of the acid 
produced. This in turn is shown from the data in 
Table 3, where the acid produced over the range 
13-53 m-equiv. is compared with the alkali. Thus 
over the range 13-23, a mean of 15-5 m-equiv. acid 
and 14-8 of alkali are produced, and over the range 
43-53 a mean of 48-0 of acid and 46-0 of alkali. 


Table 3. Average acid and alkali produced 
over the total acid range 


Range Acid Alkali 
(m-equiv./kg. cells) (m-equiv./kg. cells) (m-equiv./kg. cells) 
13-23 15-5 14-8 
23-33 31-0 31-5 
33-43 38-7 36-0 
43-53 48-0 46-0 


The effect of inhibitors on the acid-alkali production 


The study with inhibitors has not been carried out 
systematically, but up to the present the results are 
significant for the elucidation of the main question. 
The relative proportions of yeast, etc., are given in 
Methods. Where a buffered suspending fluid was 
used this contained 0-1M-succinate, citrate or phos- 
phate. 
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Sodium azide. With the unbuffered mixture a 
practically complete inhibition (over 90%) was 
obtained with inhibitor concentration outside the 
cells as low as 10-*m. The intracellular alkalinity 
produced during fermentation was likewise in- 
hibited. Table 4 shows the effect of different con- 
centrations of azide in unbuffered solutions. 

The azide effect was also examined at higher pH 
values, the suspending fluid being buffered. The in- 
hibitions produced in three experiments ranged from 
65 to 85%. This seems to indicate a reduced 
effectiveness at the higher levels, though this would 
require further examination. 

2:4-Dinitrophenol. A practically complete in- 
hibition of the acid-alkali mechanism and increase of 
ethanol output occurs with unbuffered solutions at 
an inhibitor level of about 10-?m. On a preliminary 
examination with 10-*m concentration at a pH of 6-0 
no appreciable inhibition was produced. From this, 
it was at first assumed (Conway, Brady & Carton, 
1949) that dinitrophenol did not inhibit. In un- 
buffered solution, however, it is far less effective than 
azide, in the sense of requiring a much higher level 
for a 50% inhibition. 

Cyanide. No appreciable inhibition was produced 
by 0-005m-cyanide examined over a wide range of 
buffered pH values in the suspending fluid. 

Carbon monoxide. No appreciable inhibition was 
produced by carbon monoxide either by saturation 
with coal gas containing approximately 7% (v/v) 
carbon monoxide, or by using the relatively pure gas 
produced from formic acid and sulphuric acid and 
saturating the mixture therewith before adding the 
glucose, the fermentation then being conducted in 
the dark. In the later case a 0-05M-succinate buffer 
was used with pH of 6-0. 

Salicylaldoxime. Using 0-008m with the un- 
buffered mixture containing potassium chloride 
about 15% inhibition was produced, but without 


Table 4. Inhibition of acid and increase of ethanol formation 


Acid Ethanol 
Exp. Inhibitor (m-equiv./kg. (m-equiv./kg. Change Change Ratio of changes 
no. (m) cells) cells) of acid of ethanol acid/ethanol 
1 Azide 0-008 lll 259 — 94 +42 2-35 
17 301 
2 Azide 0-0003 92 264 - 63 +41 1-39 
35 305 
3 Azide 0-008 135 245 — 120 +61 2-05 
10 306 
4 Azide 0-008 93 249 -91 +49 1-86 
2 298 
5 Azide 0-008 72 232 -57 +31 1-84 
15 263 
6 Azide 0-008 94 260 -91 +38 2-39 
: 3 298 
7 Diethyldithiocarbamate 0-008 107 239 — 66 +38 1-74 
41 277 
Mean -83 +43 1:94+0-13 
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potassium chloride and at a somewhat higher pH 
about 40% inhibition was caused by 0-005mM- 
salicylaldoxime. 

Sodium diethyldithiocarbamate. With 0-008M con- 
centration in the unbuffered mixture an inhibition 
of about 60% was produced. About the same in- 
hibition occurred with the mixture buffered 
initially at 7-0 with 0-05M-succinate. 

Monoiodoacetate. This produces practically com- 
plete inhibition of the acid and ethanol formation in 
0-005M concentration. 


E. J. CONWAY, T. G. BRADY AND E. CARTON 









1950 


on double the scale. A point of note about the acid 
production is that it reaches a maximum and then 
declines. The average uninhibited maximum is about 
89 m-equiv./kg. cells. When the production is about 
40-50 m-equiv. the decline in the acid production 
is much slower and the curve remains over 30 min. 
or so on a plateau. The nature of the decline in 
external acidity has not been investigated. In com- 
paring the acidity produced with the increase of 
ethanol we have taken the maximum acidity 
reached. 
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Fig. 1. The curves summarize the course of acid and ethanol production, expressed as m-equiv. and mmol./kg. of yeast 
cells, in a number of experiments, in which 10 g. of washed, centrifuged yeast was suspended in 30 ml. water plus 
3 ml. azide or cyanide (0-05m solutions) or plus 3 ml. water, and in addition 1 ml. 30% (w/v) glucose solution at the 
beginning of fermentation. The dotted curves show the mean production of ethanol and of acid in the presence of 
azide. The line curves show the mean production of ethanol and acid without azide. The experiments with and 
without azide were corresponding experiments (eight sets) done simultaneously on samples of the same yeast. Curves 
with azide (eight experiments): ethanol, dotted line (@); acid, dotted line (®). Curves without azide (eight experi- 
ments): ethanol, four experiments with cyanide (+), four experiments without cyanide ( x ); acid, four experiments 
with cyanide, and four without, averaged points (O). The averages for acid production with and without cyanide, 
but without azide, show no appreciable difference and are not distinguished on the graph. 


Fluoroacetate. No appreciable effect on acid pro- 
duction resulted with fluoroacetate in 0-005M-con- 
centration. 

In conclusion, the results obtained of immediate 
significance are the great inhibitory power of azide 
and dinitrophenol on the acid-alkali mechanism, 
along with the fact that the ethanol production at 
the same time is not diminished but increased. 

This inhibition not only extends to the excretion 
of succinic acid but also to the K* and H* exchange. 


Relation of the increased ethanol production 
to inhibited acid 


Fig. 1 shows the average curves for ethanol pro- 
duction without inhibitors and with cyanide and 
azide. The corresponding acid production is given 


DISCUSSION 
A redox theory of the acid-alkali formation 


The facts established in the present paper lead to the 
conclusion that the immediate source of the H* ions 


' 
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outside the cell is the reduced form of a heavy metal | 


catalyst, and that this operates cyclically (see 
Conway & Brady, 1948). 

The manner in which it works may be briefly re- 
presented as follows. A substance transporting 
hydrogen derived from metabolic sources is oxidized 
by the catalyst, the hydrogen atoms then forming 
H* ions and electrons, which are retained. The 
reduced catalyst acts like an organic acid, ionizing 
to form hydrogen ions. This process is considered to 
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take place in the outer metabolic region identified 
as the cell wall (Conway & Downey, 1950). As only 
a trace of the catalyst is present, a conclusion sup- 
ported by the half inhibition produced by 10-*m- 
azide, the process must occur cyclically. 

The reduced catalyst is then considered to act in 
the inner region of the cell, and is oxidized taking up 
hydrogen ions, passing hydrogen atoms to some 
organic acceptor. 

If the activity of the catalyst is blocked by azide, 
whether directly or indirectly (the latter perhaps in 
part through the mechanism suggested by Spiegel- 
man, Kamen & Sussman (1948) that azide inhibits 
the phosphorylation of adenosinediphosphoric acid 
(ADP) at the phosphoglyceric stage) the metabolic 
hydrogens are diverted off to ethanol formation, 
and there is an equivalent increase of ethanol pro- 
duced. 

It is considered, in addition, that the catalyst can 
move inwards carrying K* ions, and outwards 
carrying succinate ions, and possibly also bicar- 
bonate ions. It will appear from this outline that the 
excretion of fixed acid will be accompanied by an 
equivalent alkalinity within the cell and a HCO; 
increase. Further, if one is dealing with yeast not 
oxygenated prior to fermentation and containing 
relatively much succinate, then if potassium chloride 
be included in the unbuffered glucose solution the 
cyclical turnover of the catalyst may show only a 
small increase. In this case the amount of H* ions 
going to the excreted succinate to form succinic 
acid, as succinate, will appear retained in the cell. 
Thus the absorption of K* ions will be accompanied 
by a quantitative or near quantitative increase of 
bicarbonate ions plus retained succinic acid. 

In fact, the immediate step leading to such a redox 
theory was the finding of conditions in which, during 
fermentation, no organic acid was excreted, and no 
appreciable extra formation of ether-extractable 
organic acids appeared within the cell, though the 
largest amount of free HCl appeared from K* and H* 
exchange. At the same time upwards of 80% equi- 
valence of extra bicarbonate appeared within the 
cells, the mixture being bubbled with carbon dioxide 
at atmospheric pressure. 

The HCO, was originally assumed to be formed 
directly in decarboxylation (Conway & O’Malley, 
1948). Such formation appears now to depend on 
conditions, which can be so varied that the de- 
carboxylation proceeds directly through carbon 
dioxide, or alternatively through HCO, (Conway & 
O'Malley, 1949). For the present interpretation the 
question is no longer significant, and the bicarbonate 
formation is interpreted as arising in the inner cell 
region as above discussed. 

The membrane effect and active ion transport. Here 
a little may be said with respect to the source of 
succinic acid. It has been shown (Brady, 1948) that 
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most of such excreted succinic acid, under the con- 
ditions examined, has been already within the cells 
before fermentation, and necessarily then, and in by 
far the greater part, as succinate ions. Yet neither 
succinic acid nor succinate ions can at any appre- 
ciable rate go backwards into the cell if introduced 
outside, either when the yeast is resting or when 
fermenting. The conclusion may be drawn that the 
succinate ions pass across the membrane within out- 
wards as a complex, in which their negative charges 
are balanced. Such a complex may be formed 
by the catalyst in the redox change across the 
membrane. 

A somewhat similar position exists with respect to 
the K* ions. There is evidence to show that in the 
resting cell they can pass the membrane, but it is 
a relatively slow process. During fermentation they 
can pass much more rapidly when they exchange for 
H* ions, and here also the concept of active carriage 
by the same or similar catalyst may be entertained. 


Application of the redox theory to formation of 
gastric acidity 

This has already been suggested (Conway & 
Brady, 1948; Conway et al. 1949), and is dealt with 
in some detail elsewhere (Conway, 1949). Here it 
may be said that the gastric secretion of hydro- 
chloric acid has now so many essential similarities 
with hydrochloric acid formation by yeast that the 
presence of the same underlying mechanism seems 
more than probable. Thus a pH as low as 1-4 can 
be produced by the yeast cell with free hydrochloric 
acid outside corresponding thereto; also with the 
acid excretion there is equivalent alkalinization or 
accompanying hydrogen removal from the cell, as 
occurs in the parietal cells of the gastric mucosa 
(Hanke, 1937; Davies, 1948). 

Further analogies could also be drawn and the 
subject is treated more fully elsewhere (Conway, 
1949). A similar mechanism may also be suggested 
for pancreatic secretion of alkali, and acid secretion 
by the kidney. 


SUMMARY 


1. When organic acid (succinic), or free H* in 
exchange for K*, is excreted by fermenting yeast, H* 
ions are removed from within the cell in amount 
equivalent to the total titratable acid secreted. 

2. This accounts for the excess HCO, ions formed 
when potassium exchanges for hydrogen, as com- 
pared with the control without potassium chloride. 

3. The acid-secreting mechanism is almost en- 
tirely inhibited by 0-005-—0-001 M-azide, and is about 
50 % inhibited by 10-*m-azide. 

4. At the same time ethanol production is in- 
creased by azide, and for every two equivalents of 
acid secreted about one extra mol. of ethanol is 
produced. 
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5. 2:4-Dinitrophenol acts like azide, but requires 
a much higher concentration for 50% inhibition. 
Salicylaldoxime and sodium diethyl-dithiocarba- 
mate also act like azide, but are even less effective 
than 2:4-dinitrophenol. 

6. Monoiodoacetate (0-005 mM) entirely inhibits acid 
and ethanol production, whereas fluoroacetate has 
no appreciable effect. 

7. The facts of the acid secretion are well explained 
by a redox theory, in which it is considered that the 
H* ions are produced in an outer cell region by the 
ionization of the reduced form of a heavy metal 
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catalyst, receiving metabolic hydrogen atoms from 
a dehydrogenase (directly or at one or more removes) 
and being in turn oxidized within the cell where it 
receives H* ions and transfers hydrogen atoms to an 
acceptor. 

8. This redox theory has an obvious application to 
secretion of acid by the gastric mucosa, the facts of 
acid secretion by yeast being now strikingly similar 
to acid secretion by the parietal cells. Other appli- 
cations may also be entertained, such as acidification 
in the nephrons of the kidney or alkalinization by 
the pancreas. 


REFERENCES 


Brady, T. G. (1948). Biochem. J. 42, Ixii. 

Conway, E. J. (1949). Irish J. med. Sci. 288, 787. 

Conway, E. J. & Brady, T. G. (1948). Nature, Lond., 162, 
456. 

Conway, E. J. & Brady, T. G. (1950). Biochem. J. 47, 
360. 

Conway, E. J., Brady, T. G. & Carton, E. (1949). lst Int. 
Congr. Biochem. Abstr. p. 311. 

Conway, E. J. & Downey, M. (1950). Biochem. J. (in the 
Press). 


Conway, E. J. & Nolan, B. (1948). Unpublished obser- 
vations. 

Conway, E. J. & O'Malley, E. (1948). Biochem. J. 42, 
lxi. 

Conway, E. J. & O’Malley, E. (1949). 1st Int. Congr. Biochem. 
Abstr. p. 515. 

Davies, R. E. (1948). Biochem. J. 42, 609. 

Hanke, M. E. (1937). Science, 85, 54. 

Spiegelman, S., Kamen, M. D. & Sussman, M. (1948). 
Arch. Biochem. 18, 409. 


The Use of Radioactive Isotopes in Immunological Investigations 
3. FURTHER STUDIES ON THE FATE OF INJECTED “P-CONTAINING PROTEINS 
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Departments of Biochemistry, Physics and Physiology, Medical College 
of St Bartholomew’s Hospital, London 


(Received 17 February 1950) 


In a previous paper (Banks, Boursnell, Dewey, 
Fraacis, Tupper & Wormall, 1948) it was shown that 
the *P-containing protein antigens, lipovitellin, 
vitellin and artificially phosphorylated proteins, 
when injected intravenously into rabbits, rapidly 
disappear from the blood stream. With lipovitellin 
and vitellin, for example, only one-eighth of the 
injected protein could be detected in the blood 5 min. 
after the injection. Furthermore, in preliminary 
investigations on two rabbits injected with a sus- 
pension of vitellin it was found that much of the 
vitellin which had left the general circulation had 
been removed by the liver and lungs; e.g. about 
one-third of the injected vitellin was found in these 
two organs 1 min. after the injection. Vitellin is, 
however, a very insoluble protein, and it had to be 
injected as a suspension. It was considered possible 
that different results might be obtained with more 
soluble proteins, and we decided, therefore, to use 
the more soluble lipovitellin for a further study of 
this problem. 


For an investigation of the immediate distribution 
of the injected protein it was necessary to kill the 
animal as soon as the injected material had become 
well distributed throughout the blood stream, i.e. 
2-3 min. after the injection, and to do this we used 
the rapid coagulation technique recently introduced 
by Franklin & Amoroso (1948), namely the intra- 
venous injection of Russell’s viper venom, which 
causes clotting in 1-4 min. Subsequent immersion 
of the whole animal in saline containing formalde- 
hyde fixes the protein antigen and prevents its 
diffusion from the blood or tissue. In the other 
experiments described here lipovitellin was injected 
intravenously, and the injected rabbits were killed, 
by the injection of magnesium sulphate or by 
stunning, after intervals ranging from 2 to 44 hr. 

One object of these investigations was to study the 
distribution of protein antigens in the body at 
varying intervals after their injection into the blood 
stream, since information on this matter might 
throw light on the problem of the site of antibody 
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formation. Our experiments are also designed to 
study the possibility of obtaining a radioactive 
preparation which is specifically deposited and 
retained in certain tissues of the body. 


EXPERIMENTAL 
2P.containing lipovitellin 


Preparation A. This was prepared as described 
previously (Francis & Wormall, 1948) from the yolks of 
eggs laid by a hen during the period 4-11 days after the 
hen had received an intramuscular injection of neutralized 
sodium phosphate solution containing 400uc. of #P. The 
final lipovitellin solution (in approx. 5% NaCl solution) 
contained 1-21 g. N/100 ml. and 0-169 g. P/100 ml., and 
these values correspond to an approx. 10% (w/v) solution 
of lipovitellin. 

Preparation B. This preparation was made in the same 
way as preparation A; the final solution contained 0-185 g. 
P/100 ml. 

Injections 


‘Venom’ series. Rabbits nos. SRB43, SRB44, SRB46 
and SRB48 were anaesthetized with nembutal and ether, 
and the lipovitellin solution (2 ml. of preparation A/kg. for 
the first three rabbits, and 1 ml./kg. for SRB48) was 
injected through a cannula into the external jugular vein. 
Russell’s viper venom (Stypven; Burroughs Wellcome Ltd.) 
was injected 1-2 min. later, and after death, about 2 min. 
later, the rabbits were immersed in ‘formol-NaCl’ solution 
(1 vol. formalin plus 3 vol. 0-9% NaCl) and left for about 
9 days. In another set of experiments, rabbits SRB32 and 
SRB33 were injected with 3-8 and 1-8 ml. of lipovitellin 
solution (preparation B)/kg., respectively, and were subse- 
quently treated in the same way as were those injected with 
preparation A. 

‘Non-venom’ series. Lipovitellin solution (1 ml. of 
preparation A/kg.) was injected into the marginal ear veins 
of seven rabbits. Two rabbits died about 2 hr. after the 
injection, two were killed 21 hr. and three 44 hr. after the 
injections. Three of the rabbits were killed by the intra- 
venous injection of 2—5 ml. of a saturated solution of MgSO,, 
and two by stunning; no essential difference was observed 
between the radio-P contents of the organs of rabbits killed 
by MgSO, and the corresponding values for the rabbits 
killed by stunning. 


Collection and treatment of blood and tissue samples 
for ®P determinations 


Blood. Blood clots were taken from the hepatic vein and 
the dorsal aorta of the venom-treated rabbits. In the case 
of the two rabbits (nos. 524 and 717), which died 2 hr. after 
the lipovitellin injections, blood was withdrawn from the 
heart, and with all the other rabbits blood was collected, 
immediately before the animal! was killed, from the ear not 
used for the injection of lipovitellin. These blood samples 
(1-5-2:95 g. for the venom-treated rabbits and 2-5-10 ml. 
for the others) were ashed and treated as described for the 
tissue samples. 

Tissues. The whole liver, kidneys, heart, lungs, spleen 
and gall bladder, and a sample of muscle from the abdo- 
minal wall were removed from each rabbit, and the tissue 
surface washed; it was then dried on filter paper, weighed, 
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dried at 100-150° and subsequently ashed in a porcelain 
basin at 400-800° in an electric muffle furnace. The ash was 
dissolved as completely as possible in 10-5N-HCI, and the 
solution or suspension was diluted with 4 vol. of water and 
boiled for 1 hr. to hydrolyse pyrophosphate. The product, 
or 20-25% of it in the case of the liver preparations, was 
treated with magnesia mixture, and the precipitate was 
collected by filtration on a sintered glass or silica Gooch 
crucuble; it was then dried at 110° and a suitable weighed 
amount (sufficient to give not more than 20 mg./sq.cm. on 
the plate) made into a paste with ethanol containing a little 
collodion and spread evenly on brass ‘sample plates’. The 
specimen was allowed to dry and *P determinations were 
then made. 

In order to obtain a preliminary guide to the distribution 
of the radioactive material, thin slices were cut as uni- 
formly as possible from the formalin-treated tissues of some 
of the rabbits killed by venom; these slices were placed 
directly under the window of the Geiger-Miiller counter and 
radioactivity measurements were made. The results agreed 
fairly well with those obtained with the ashed samples, and 
this method of ‘counting’ is sometimes useful when an 
indication of the relative amounts of radioactive material 
in the tissues is required and the more tedious ashing process 
cannot be undertaken. 


RESULTS 


The distribution of lipovitellin in the rabbit about 
2 min. after its intravenous injection 


The first three rabbits received injections of 2 ml. of 
our stock radioactive lipovitellin solution (prepara- 
tion A)/kg. of body weight, but since this amount was 
found to be toxic, the other animals injected with 
this preparation were given 1 ml./kg. The results 
obtained with four rabbits showed that a considerable 
fraction of the injected material was localized in the 
lungs, liver and heart (Table 1). Of the lipovitellin 
injected, 25-38 % was found in the lungs and 10-15 % 
in the liver. The amount of lipovitellin found in the 
hearts of these rabbits was quite large (11-26 % of 
that injected), but perhaps little more than could be 
attributed to the large amount of blood ‘fixed’ in 
that organ under the conditions of these experi- 
ments. 

It was not possible to determine the exact amount 
of lipovitellin in the blood of these animals at the 
time of death. If, however, it is assumed that the 
injected protein was uniformly distributed through- 
out the blood during the 2 or 3 min. interval between 
injection of the protein and the clotting of the blood, 
and if the blood volume of the rabbit is taken as 
50 ml./kg. of body weight, the amount of radio P in 
the blood when the rabbits died would be about 
68 yg./ml. for nos. SRB 43, SRB 44 and SRB46, and 
34 yg./ml. for no. SRB48. The values found for the 
blood clots removed from veins or arteries were 181, 
140 and 18-3 yg. of radio P/g. for rabbits SRB 43, 
SRB 44 and SRB 48, respectively; since two of these 
values are much greater than the ‘theoretical’ 
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Table 1. Radio-P content of the tissues of rabbits killed with viper venom about 2 min. after 
the injection of *®P-containing lipovitellin (preparation A) 
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(Rabbits nos. SRB43, SRB44 and SRB46 (1-9, 2-0 and 2-45 kg., respectively) received intravenous injections of 2-0 ml. 
of lipovitellin solution/kg., and rabbit SRB48 (2-75 kg.) received 1-0 ml./kg.) 


Rabbit no. 
Radio P injected (yg.) 


Liver (ug-/g.) 
Total (ug.) 
Lungs (ug./g-) 
Total (yg.) 
Heart (ug-/g-) 
Total (ug.) 
Spleen (ug-/g-) 
Total (ug.) 
Kidneys (ug-/g-) 


Total (ug.) 
Total (g.) 
(ug-/8.) 


Gall bladder (plus contents) 
Abdominal wall muscle (sample) 





SRB43 SRB44 SRB46 SRB48 
6450 6780 8300 4660 
Radio-P* content of organs j 
or os \ 

11-6 9-8 17-7 6-8 } 
640 737 899 697 : 
210 172 222 158 f 

1674 1770 2096 1770 
150 165 — 47-5 
1218 1777 — 540 : 
<16 33 — <14 
<10 20 — <10 
3-2 55 ~ 3-0 

34-7 79-3 _ 52-4 

21-9 <10 —_— 18-7 
<1-4 <1 — <0°8 


* The term ‘radio P’ is used throughout this paper to denote amounts of radioactive P of the same specific activity as 
that of the P in the lipovitellin injected into the rabbit in that particular experiment. 


Table 2. Radio-P content of the tissues of rabbits killed with viper-venom about 2 min. } 


after the injection of *®P-containing lipovitellin (preparation B) 


(Rabbit SRB32 received 3-8 ml. lipovitellin solution/kg. and rabbit SRB33 1-8 ml./kg.) 


Rabbit no. SRB33 SRB32 
Radio P injected (yg.) 7,400 14,800 } 
Radio-P content of organs 
eS j 
Liver (ueg-/g.) 14-7 22 
Total (g.) 1,181 2,020 ; 
Lungs (part) (ug-/g-) 161-3 400 
Heart (ug-/g-) 18-6 114-5 
Total (yg.) 133 694 
Spleen (ug.-/g-) 24-5 37-4 | 
Total (ug.) 20 22 
Kidney (one) Cortex (ug./g.) 13-3) 19-5 
Medulla (yg./g.) 9-4) 
Gall bladder (plus contents) Total (yg.) 39 15-3 
Abdominal wall muscle (ug-/g-) 1-1 4 


values it is concluded that they do not give a true 
measure of the amount of lipovitellin in the blood 
present in the organs and tissues examined. It is 
probable that the clots had removed practically all 
the lipovitellin from the plasma, and an accurate 
value for the radio-P content of the blood could only 
have been obtained by making measurements on the 
clot plus an appropriate volume of plasma. This was 
not possible under the conditions of our experiments. 

The amount of radio P present in the lungs of the 
rabbits of this group was very much more than 
could be attributed to the blood present in the tissue, 
but the amounts in the liver (6-8—17-7 yg./g.) and 
kidneys (3-0—5-5 ug./g.) are probably explained by 
the lipovitellin in the blood present in these organs. 


Rabbit no. 43 was found to be pregnant, and the | 
foetuses were examined for radio P. The amount 
present was extremely small, being <0-75yg./g., 
and the total for the whole of the eight foetuses was | 
<100yg. Similarly, there was little lipovitellin } 
in the urine of these rabbits, the mixed urines of | 
nos. SRB43 and SRB46 containing <2-5,yg. of 
radio P/ml. 

The results obtained with the rabbits injected 
with lipovitelln preparation B (Table 2) fully 
confirmed those recorded in Table 1, in showing that 
the lungs contained much more lipovitellin per g. of 
tissue than did the liver and other organs examined. 
In these experiments, however, no attempt was 
made to determine the radio-P content of the whole 
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of all the organs examined, and in certain respects 
the experiments differed from those described above; 
e.g. rabbit SRB32 received a much larger injection 
of lipovitellin than did SRB33 and the rabbits in- 
jected with preparation A. The distribution of the 
injected lipovitellin was, however, generally the same 
in all the venom-treated rabbits. 


The distribution of radio P in the body 2, 21 and 
44 hr. after intravenous injection of **P-containing 
lipovitellin 
In these experiments the rabbits were killed either 

by the intravenous injection of magnesium sulphate 
or by stunning, and here it was possible to take blood 
samples just before the animals were killed. Calcula- 
tions can thus be made to determine approximately 
what fraction of the radio P found in any tissue can 
be attributed to that present in the blood in the 
tissue. 
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During the first 21 hr. after the injection of the 
radioactive lipovitellin there was a large amount of 
radio P in the lungs and liver (Table 3). The amount 
of radio P, and presumably of lipovitellin, in the 
lungs of the two ‘2 hr.’ rabbits was extremely high, 
representing 58 and 74% of that injected, and it is 
probable that deposition of this large amount of 
lipovitellin in the lung capillaries was the main 
factor responsible for the death of these two rabbits 
about 2 hr. after the injection. Smaller but signi- 
ficant amounts of radio P were found in the kidneys 
and spleen, the amount present in these organs being 
usually considerably greater per g. of tissue than the 
amount per ml. of blood. 

The lungs and livers of the rabbits killed 44 hr. 
after the injection similarly contained large amounts 
of radio P. The amount in the liver was considerably 
greater, and the amount in the lungs less, than the 
corresponding values for the rabbits killed 2 hr. after 


Table 3. Radio-P content of the tissues of rabbits 2 or 21 hr. after the injection of **P-containing lipovitellin 


(Rabbits nos. 524, 717, 532 and 698 (1-9, 3-3, 2-2 and 2-2 


kg., respectively) each received an intravenous injection of 


1-0 ml. lipovitellin solution/kg. Rabbits 524 and 717 died 2 hr. after the injection; rabbits 532 and 698 were killed 21 hr. 
after the injections, the former by intravenous injection of 3-4 ml. of a saturated solution of MgSO, and the latter by 


stunning.) 


Rabbit no. 
Radio P injected (yg.) 


Liver (ug./g.) 
Total (g.) 
Lungs (ug-/g-) 
Total (ug.) 
Spleen (ug./g.) 
Total (ug.) 
Kidneys (ug-/g-) 
Total (ug.) 
Gall bladder (plus contents) Total (yg.) 
Blood (ug-/ml.) 


2 hr. after injection 21 hr. after injection 








f f 7 
524 717 532 698 
3210 5600 3725 3725 
Radio-P content of organs 
Cc ee cen 

8-0 6-3 16-1 10-2 

487 759 1340 804 
228 320 58-3 64-8 

1850 4160 629 700 
41-8 <125 32-5 37-5 
27-6 <10 24-4 26-6 
8-2 < @7 10-5 8-6 

99 <14 158 123 

<1l <10 20-7 <12 
<8 11-6 About 2 2-2 


Table 4. Radio-P content of some organs of rabbits 44 hr. after the injection of **P-containing lipovitellin 


(Rabbits nos. 534, 740 and 531 (1-65, 3-5 and 2-1 kg. respectively) each received an intravenous injection of 1 ml. of 
lipovitellin solution/kg. Rabbits 534 and 740 were killed by the intravenous injection of a saturated solution of MgSO, 


(2 and 5 ml. respectively) and no. 531 by stunning.) 








Rabbit no. 534 740 531 
Radio P injected (yg.) 2796 5930 3565 
Radio-P content of organs 
is 3 
(ee eas, fF s ¥ f < siete 
(4g-) (ug-/g. (ug-) (ug-/g-) (ug-) (u8-/8-) 
Liver 550 10-8 1570 12-0 773 10-1 
Lungs 292 40-2 416 32-5 406 37 
Spleen 26 43-3 57 75 16* 26* 
Kidneys : 72 7-4 185 8-8 87 6-2 
Gall bladder (plus contents) <10 _ <1 _— <1l — 
Blood _ 1-8t — 1-857 — <1-1f 
* Approximate values. T pg./ml. 
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the injection. The spleen and kidneys of these 
‘44 hr.’ rabbits contained considerably more 
radio P per g. of tissue than did the blood. 

The results of these experiments, including those 
with most of the rabbits killed by venom, are sum- 
marized in Table 5, where the amounts of *®P found 
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A similar deposition of zine in the lungs of rabbits 
after the intravenous injection of a ®Zn-containing 
zine diphenylthiocarbazone (dithizone) complex 
(Banks, Tupper & Wormall, 1950) might be ex- 
plained in the same way, though the material 
injected in this case was quite unlike lipovitellin; 


Table 5. Amount of lipovitellin (calculated from the ®P content and expressed as a percentage of that injected) 
in the organs of rabbits at intervals after the injection of lipovitellin containing **P 


(Experimental details are given in Tables 1+.) 


Percentage of the injected lipovitellin* found in 





Time after — 

injection Rabbit no. How killed Liver Lungs 

2 min. SRB43 Venom 9-9 26 
SRB44 Venom 10-9 26 
SRB46 Venom 10-8 25 
SRB48 Venom 15-0 38 
SRB32 Venom 13-6 -= 
SRB33 Venom 16-0 — 

2 hr. 524 Died 15-2 58 
717 Died 13-5 74 

2lhr. 532 MgSO, 36 17 
698 Stunned 22 19 

44 hr 534 MgSO, 20 10-4 
740 MgSO, 26 7-0 
531 Stunned 22 11-4 


Heart Spleen Kidneys Gall bladder 
19 <0-2 0-5 0-3 
26 0-3 1-2 <0-15 
11-6 <0-2 del 0-4 

4-7 0-15 — 0-1 
1-8 0-27 _ 0-5 
_ 0-9 3-1 <0-4 
— <0-2 <0-3 <0-2 
_ 0-7 4-3 0-6 
— 0-7 3:3 <0-4 
_ 0-9 2-6 <0-4 
_ 1-0 3-1 <0-2 
— 0-4 2-4 <0°3 


* Rabbits SRB43, SRB44 and SRB46 received an injection of 3-38 mg., SRB32 7-03 mg., SRB33 3-33 mg., and the 


other rabbits 1-69 mg. of lipovitellin P/kg. 


in the various organs are expressed as percentages 
of the amounts injected. Although a general com- 
parison of the results for the different groups of 
rabbits may be justified, it must be remembered that 
all the experiments were not made under exactly the 
same conditions. For example, the ‘2 min.’ group of 
rabbits had rather different treatment from that 
given to the others, for three of the rabbits received 
twice as much lipovitellin as did the others. Also, 
for reasons given earlier in this paper, the method 
used to kill the rabbits in this group differed from 
that used for the other groups, and so did the site of 
injection and the time interval between the death of 
the animal and the removal of the organs. 


DISCUSSION 


Our results show that intravenously injected lipo- 
vitellin is rapidly taken up by the lungs and liver, 
and it is rather surprising that as much as one- 
quarter of the injected protein was found in the 
lungs of the injected rabbits 2 min. after the injec- 
tion. This rapid deposition of injected protein in the 
lungs may possibly be related to the insolubility of 
lipovitellin in solutions containing less than 3-4% 
of NaCl; in other words, the lipovitellin may have 
been precipitated almost immediately it entered the 
blood stream, and subsequently ‘filtered off’ when 
the blood passed through the lung capillaries. 


the organic zine compound was dissolved in triacetin 
and this solution made into an emulsion with normal 
rabbit serum before it was injected. However, until 
further information is available, it would be unwise 
to attempt to decide whether the deposition of the 
injected lipovitellin (or zine dithizone complex) in 
the lungs is due to a mechanical filtering action of 
the lung capillaries or to some specific absorptive 
capacity of lung tissue for the injected compound. 
Intravenously injected colloidal particles are not 
always taken up by the lungs. For example, Jones, 
Wrobel & Lyons (1944), using **P as tracer, found 
that anhydrous colloidal chromic phosphate is 
rapidly taken up by the liver, 59-81 % of the injected 
material being found in this organ 5-23 days after 
the injection; small amounts were found in the 
spleen (4-3-14-7%) and the lungs (0-6-6-6%). 
Similar localization in the reticuloendothelial cells 
of the liver and spleen has been observed with 
radioactive colloids containing yttrium (°°Y), zirco- 
nium (4°Zr) and columbium (*1Cb) (Dobson, Gofman, 
Jones, Kelly & Walker, 1948). In our experiments, 
however, the amount of injected compound localized 
in the liver shortly after the injection was relatively 
small (10-15 %), and although about twice as much 
was present in the livers of the rabbits killed 44 hr. 
later, the values were much lower than those 
obtained by the American workers in their experi- 
ments with inorganic colloids. Furthermore, the 


| 
| 
| 


SS ee a ee ee ee ee ee. ee ee ee 


~S = - 8 





Pr EYyElciar 


OEE TES ~ 


wr eee ere 





Vol. 47 


amount of lipovitellin found in the spleen of our 
injected rabbits during the 44 hr. after the injection 
was never greater than 1 % of the amount injected, 
and, as mentioned above, the lungs took up a large 
part of the lipovitellin which is removed from the 
blood shortly after the injection. It should be 
remembered, however, that the compounds we have 
injected, lipovitellin in the experiments reported 
here and a zine dithizone complex in others (Banks 
et al. 1950), are quite different, chemically and 
physically, from the inorganic colloids used by Jones 
et al. (1944), Dobson, Kelly, Jones & Gofman (1947) 
and Dobson e¢ al. (1948). It may be significant, in 
connexion with the similarities between the early 
fate of injected zinc dithizone complex and lipo- 
vitellin, that the former is fat soluble and the latter 
is a lipoprotein and contains about 25% of phos- 
pholipin. 

In tracer experiments with injected compounds 
containing a radioactive isotope, radioactivity 
determinations merely estimate the amount of the 
isotopic label present. In the experiments described 
here, however, the conditions were such that one is 
probably justified in believing that the **P deter- 
minations give an assessment of the tissue distribu- 
tion of the injected lipovitellin. The time interval 
before the rabbits were killed was short, and the 
3P-containing lipovitellin, made biologically, had a 
label which was relatively firmly attached. Any 
metabolic breakdown of the lipoprotein would 
liberate *8P-containing compounds which might be 
transported elsewhere, but it seems probable that 
much of the lipovitellin (and possibly all the vitellin 
portion of this lipoprotein) must remain, in its 
original or some very closely related state, in the 
tissues where the specific antilipovitellin antibodies 
are formed. Furthermore, it is most unlikely that 
‘physical exchange’ will occur between the radio- 
active phosphate groups of either the phospholipin 
or the vitellin and those of other phosphorus com- 
pounds in the body, for such an ‘exchange’ does not 
readily occur (cf. the review by Hevesy, 1948). 
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However, the possibility of exchange of phosphatide 
between the radioactive lipovitellin and the ordinary 
blood and tissue lipids should not be overlooked, 
but as yet we have no information on this point. 
Although we have found that intravenously in- 
jected lipovitellin is at first localized mainly in the 
lungs, it does not necessarily follow that all similarly 
injected antigens are deposited in that tissue. Indeed 
it has been shown that the arsenic of an injected 
arsenic-containing azo-protein is mainly localized in 
the liver and bone marrow (Haurowitz & Breinl, 
1932), and that injected **P-containing tobacco- 
mosaic virus is largely deposited in the liver (Libby 
& Madison, 1947). We hope to continue our studies 
on this problem of the distribution of injected 
antigens with the aid of iodinated and mustard gas 
treated proteins labelled with™Iand*S respectively. 


SUMMARY 


1. The fate of *P-containing lipovitellin after its 
intravenous injection into rabbits was studied by 
determinations of the distribution of *P in the tissue 
at intervals after the injection. 

2. A considerable part, at least one-quarter, of 
the injected lipoprotein was present in the lungs, and 
10-15 % in the liver, 2 min. after the injection. Over 
half the injected lipovitellm was present in the 
lungs of two rabbits which died 2 hr. after the 
injection. 

3. The results for the rabbits killed 21 and 44 hr. 
after the injections suggested that after the initial 
deposition of lipovitellin in the lungs, with less in the 
liver, there was a gradual diminution in the amount 
held in the lungs and an increase in that deposited in 
the liver. 


We are indebted to the Medical Research Council and 
the Central Research Fund of the University of London 
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The Use of Radioactive Isotopes in Immunological Investigations 
4. ANTIBODIES TO PHOSPHOLIPINS 


By G. E. FRANCIS anp A. WORMALL 
Department of Biochemistry and Chemistry, Medical College of St Bartholomew's Hospital, London 


(Received 25 February 1950) 


In an earlier study we found that precipitates 
obtained from mixtures of lipovitellin and antisera 
to lipovitellin contained relatively more phospholipin 
than did the lipovitellin used as antigen (Francis & 
Wormall, 1948). This combination (or adsorption) 
of phospholipin by the antigen-antibody complex was 
shown to be specific, indicating the presence in the 
antiserum of antibodies reacting with phospholipin. 

The injection of lecithin does not invariably lead 
to antibody formation, even when it is mixed with 
the serum of a foreign species (cf. reviews by 
Marrack, 1938; Landsteiner, 1945, p. 111; Boyd, 
1947), but the antigenicity of many complexes con- 
taining protein (or polypeptide), carbohydrate and 
lipid (e.g. the ‘ Boivin antigens’) is well established. 
Little information is available, however, about the 
serological properties of the phospholipin fraction 
of lipoproteins, and we decided, therefore, to make 
a further study of our anti-lipovitellin sera from this 
viewpoint. 

In further tests with samples of the anti-lipo- 
vitellin sera which we had prepared previously 
(Francis & Wormall, 1948) and stored in a sterile 
condition, we found that these antisera had lost all, 
or practically all, their capacity to carry down extra 
phospholipin in the antigen-antibody precipitates, 
i.e. they appeared to have lost their antibodies for 
phospholipins. Tests were therefore made with many 
samples of these antisera, some preserved in the 
filtered liquid state and some in the freeze-dried state, 
and the results of these experiments are described 
below. 


EXPERIMENTAL 


Determinations of *P were made as described (Francis & 
Wormall, 1948), but the counter described by Veall (1948) 
was used for the determination of the radioactivity of 
solutions (e.g. ethanol-ether solutions of phospholipins, 
supernatant solutions from precipitin tests, and occasionally 
solutions of lipovitellin or vitellin in very dilute NaOH). 
Ordinary P determinations were made by King’s (1932) 
modification of the Fiske & Subbarow (1925) method. 

Lipovitellin. **P-containing lipovitellin was made from 
the yolks of eggs laid by a hen 4-10 days after it had received 
an intramuscular injection of 500 uc. of *P as a neutralized 
solution of sodium phosphate (Francis & Wormall, 1948). 
The four preparations (A, B, C and D) used in these experi- 
ments gave 2500, 5000, 1300 and 5000 counts/min./mg. P 
with our Geiger-Miiller counter system. 


Lipid P and vitellin P of lipovitellin. In the preparation 
of lipovitellin (‘soluble’ vitellin; Francis & Wormall, 1948) 
the free lipid of egg yolk is removed by extraction with 
ether (containing 2% ethanol), but there still remains much 
phospholipin which can be removed by more drastic extrac- 
tion. Nearly half the P of lipovitellin can, for example, be 
removed by extraction with hot ethanol (Calvery & White, 
1932) or by treating the solution of lipovitellin, in 5-10% 
NaCl, with 5 vol. of an ethanol-ether mixture (7:3, v/v) 
and washing the precipitated vitellin with the solvent 
mixture and then with water (Francis & Wormall, 1948). 
For the purposes of this paper the P extracted from lipo- 
vitellin by the ethanol-ether mixture is called lipid P, and 
that not extracted, the vitellin P. Our results show that 
extraction with cold ethanol-ether removes all the lipid P, 
since no more can be extracted by a subsequent extraction 
with hot ethanol (Table 1). 

The distribution of P in lipovitellin preparations A, B 
and C, and in precipitates obtained with them, was deter- 
mined by radioactivity determinations. This is justifiable, 
since it is most unlikely that ‘physical exchange’ of radio- 
active phosphate will occur between phospholipins and 
phosphoproteins, for such an exchange does not readily 
occur (cf. review by Hevesy, 1948). The results were 
calculated by comparing the radioactivity of the fractions 
with that of the original lipovitellin, and the corresponding 
values (Tables 1 and 2) have been calculated on the assump- 
tion that the *P/*4P ratio for the phospholipins was the same 
as that for the vitellin. With the lipovitellin used in this 
work the two ratios were not widely different, and further- 
more we were mainly interested in a comparison between 
the lipid P/vitellin P ratio for a lipovitellin-anti-lipovitellin 
precipitate and that for the lipovitellin used as antigen in 
that particular precipitin test. It should not be overlooked, 
however, that the specific activity of the P of the yolk 
phospholipins of eggs laid by hens injected with *P is not 
necessarily the same as that of the P of the protein com- 
ponent of the lipovitellin. Chargaff (1942), for example, 
found that the vitellin P had a considerably higher specific 
activity than had the lipid P in the eggs laid during the 
first 5 or 6 days after the injection of *P. With our lipo- 
vitellin preparation D, the specific activity of the vitellin P 
was 1-17 times that of the lipid P, and if allowance is made 
for a difference in this direction the only effect is to increase 
slightly the difference between the lipid P/vitellin P ratio 
for the precipitate and that for the antigen in the experi- 
ments recorded in Table 2. 

Antisera. These were prepared by intraperitoneal injec- 
tion of lipovitellin solutions into rabbits (Francis & Wormall, 
1948). Samples of the fresh untreated sera were used for 
some of the precipitin tests, and other precipitin tests were 
made with samples preserved as follows: (a) filtered through 
a Berkefeld filter and kept in sterile tubes at 3-5°, and 
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(b) freeze-dried in the apparatus described by Greaves (1946) 
and kept in sealed tubes at room temperature. The pre- 
served freeze-dried sera dissolved in water to give clear 
solutions, but heavy precipitates gradually separated from 
the filtered sera (a) on keeping. All cloudy sera were centri- 
fuged, and the clear supernatant solutions used for the 
precipitin tests. 

Precipitin tests. These were carried out as described 
(Francis & Wormall, 1948), using the proportions of antigen 
and antibody required to give approximately optimal 
precipitation. Radioactivity determinations were made on 
the precipitates (washed with 10% (w/v) NaCl and then 
dissolved in a few drops of 0-5 N-NaOH) and the supernatant 
solutions. Some of the precipitates were extracted well with 
ethanol-ether, and **P-determinations were made on the 
extracted precipitate (to give the vitellin P) and on the 
extract (lipid P). 

RESULTS 


The phospholipin content of lipovitellin 


Lipovitellin preparations vary appreciably in their 
phospholipin content, and this variation might be 
due partly to the severity and the duration of the 
extraction of the egg yolk with ether, and partly to 


Table 1. Lipid P content of lipovitellin solutions 


(The solution of lipovitellin in 10% (w/v) NaCl was 
treated with 5 vol. of 7:3 (v/v) ethanol-ether. The precipitate 
was washed twice with ethanol-ether and once with water, 
and dissolved in a few drops of 0-5N-NaOH for *P deter- 
minations. In some of the experiments with preparation C, 
samples of the stock solution were diluted with 31 vol. of 
10% NaCl before treatment with ethanol-ether.) 


Total* P Vitellint P Lipidt P as 
Preparation (yg./ml.) (ug-/ml.) % of total P 

A 157 82-5 48 
B 50-8 30-1 41 
C 1315 455 65 
1315 418 68 
41-1 12-8 69 
41-1 14-8 64 
1315 435t 67 
1315 489+ 63 
41-1 15-3f 63 

D 251 96* 62* 


* Results obtained by colorimetric P determinations; all 
the other P contents recorded in this table are calculated 
from *P determinations (see the text, p. 380). 

7 The term lipid P is used for the P which can be 
extracted by an ethanol-ether mixture. The vitellin P is 
that which is not extracted by this solvent mixture. 

{ These preparations were further extracted by boiling 
for 1 hr. with 10 vol. of absolute ethanol before the **P 
content was determined. 


differences between individual eggs. The free, but 
not the combined, lipid in the yolk is fairly readily 
extracted by ether. The combined lipid has to be 
‘released’ in some way from the lipoprotein complex, 
and this can be effected by hot ethanol (Calvery & 
White, 1932), or, as we have found, by extraction 
with an ethanol-ether mixture at room temperature 
or even at 0°. 
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The lipid P of most of the lipovitellin preparations 
analysed accounts for one-half to two-thirds of the 
total P, and the data for four preparations used in 
the immunological experiments described here are 
given in Table 1. Preparation B was a little different 
from the others, for only 41 % ofitstotal P was present 
as lipid P, but preparations A, C and D, and others 
not described here, gave average values between 
48 and 66%. 

Tests made with preparation C showed that 
treatment and extraction with cold ethanol-ether 
is sufficient to remove all extractable phospholipin. 
Averaging the results of four determinations, it was 
found that 66 % of the total P of the lipovitellin was 
extracted by the ethanol-ether mixture, and the 
corresponding value for the samples of the same 
material extracted with ethanol-ether followed by 
hot ethanol was 64%. Other experiments with 
preparation C showed that the percentage of P 
removed by ethanol-ether does not depend on the 
concentration of the lipovitellm in the aqueous 
solution; e.g. the percentage of lipovitellin P ex- 
tracted by ethanol-ether was the same for the 
undiluted lipovitellin solution as it was for the same 
solution diluted with 31 vol. of 10% NaCl (Table 1). 


The phospholipin content of lipovitellin- 
anti-lipovitellin precipitates 


The results of a series of precipitin tests with 
rabbit antisera to lipovitellin are given in Table 2. 
It will be seen that, although the fresh antiserum 
gave precipitates which contained considerably more 
lipid P, as a fraction of the total P, than did the 
lipovitellin used as antigen, this difference was not 
observed when a sample of the same antiserum was 
tested at a later date. The sterile filtered antisera 
had all developed heavy precipitates during storage 
in the refrigerator, and it was concluded that the 
antilipid antibodies had been removed in the 
precipitate. Further tests with samples of the same 
and similar antisera, kept under various conditions, 
fully confirmed this view. Antisera which had been 
kept in the freeze-dried condition behaved exactly 
like fresh anti-lipovitellin sera ; they gave precipitates 
in which lipids accounted for 83 % of the total P, as 
against a corresponding value of 66 % for the lipo- 
vitellin used as antigen. 

These differences between old and fresh ‘liquid’ 
anti-lipovitellin sera are even more striking when 
the P distribution is expressed as a lipid P/vitellin P 
ratio. The ratios for the precipitates with fresh and 
freeze-dried antisera were 2-6 and 4-5, respectively, 
compared with corresponding ratios of 0-9 and 1-9 
for the appropriate lipovitellin antigens. With the 
old sera kept in the liquid state the average ratio for 
the precipitates (1-7) was actually a little less than 
that for the corresponding lipovitellin (1-9). 
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Table 2. Phospholipin content of lipovitellin-anti-lipovitellin precipitates 
(All the weights in this table are given as yg./ml. of antiserum used.) 


Antigen (lipovitellin) 


Anti-lipovitellin serum 
mon 


No. Treatment 
457 Fresh and unfiltered} 


Fresh and unfiltered 


Old, filteredt 


Old (filteredt), warmed at 37° 


541 Old, freeze-dried 


Antiserum to iodinated 
globulin 
eee 


No. Treatment 
602 None 
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added Composition of precipitate 
Lipid* P Lipid* P 
as % of as % of 
Total P total P Lipid* P _ Vitellin* P _ total P 
(vg-) (%) (ug) (ug-) (% 
787-5 48 134-5 54 71 
523-5 48 123-5 46-5 73 
762 41 29 8 78 
508 41 45 11-5 80 
381 41 39-5 11-5 78 
205-5 66 22 10 69 
21-5 11-5 65 
100 66 8-0 4-7 63 
7-4 5-1 59 
175 66 13 7:3 64 
12-3 9-0 58 
12-7 7-0 64 
175 66 45-7 10 82 
45-7 10 82 
49-3 9-7 84 
205-5 66 0 0 0 
0 0 0 


* Determined by radioactivity measurement (see the text, p. 380). See also the second footnote to Table 1. 


+ Data from Francis & Wormall (1948). 
{ Filtered through a Berkefeld filter. 


Control tests with the lipovitellin solution used in 
most of these precipitin reactions showed that no 
detectable **P-containing material was precipitated 
when the lipovitellin solution was mixed with a 
rabbit antiserum to iodinated horse-serum globulin 
(Table 2); and in a previous investigation (Francis & 
Wormall, 1948) it was shown that in a system con- 
taining a considerable amount of lipovitellin, no 
significant amount of lipovitellin phospholipin was 
carried down by a heavy serological precipitate 
unrelated to lipovitellin. Thus the precipitation of 
extra phospholipin by the anti-lipovitellin serum is 
specific. 

In another investigation a study was made of the 
composition of lipovitellin-anti-lipovitellin precipi- 
tates obtained with the antigen labelled with =P 
and the antibodies with I. Although this experi- 
ment was designed for a different purpose, some of 
the results are pertinent to this study of anti-lipids, 
and are given in Table 3. They are of special interest 
in that the separated globulin fraction of the anti- 
serum was used, whereas all the other precipitin 
tests described here were made with the whole 
antiserum. It is true that the antibodies were 
modified slightly in that they were labelled with ™I, 
but the amount of iodine introduced was insufficient 


to effect any detectable change in the properties of 
the antibodies; certainly the iodination cannot have 
produced antibodies specific for phospholipins. 

The results of these experiments with the globulin 
fraction of the antisera showed that lipids accounted 
for 82% of the total P of the lipovitellin-anti- 
lipovitellin precipitates, compared with 62% for 
lipovitellin. The lipid P/vitellin P ratios were 4-3—5-2 
for the precipitates, and 1-6 for the lipovitellin. 


DISCUSSION 


The combination between phospholipin and vitellin 
in the lipovitellin complex is relatively firm, but it 
can undoubtedly be broken by only moderately 
drastic treatment of the complex, e.g. with ethanol or 
ethanol-ether mixtures (but not with ether alone). It 
is not inconceivable that the union of antibody and 
antigen might involve energy changes sufficient to 
effect this disruption of lipovitellin, but it would be 
unwise to discuss this possibility until more is known 
about the chemistry of the egg-yolk phosphoproteins 
(cf. for example, the recent work of Mecham & Olcott 
1949). 

The hypothesis that fresh antisera to lipovitellin 
contain antibodies which have their reactive groups 
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directed primarily towards the phospholipin, and 
not to the lipoprotein complex as a whole, is sup- 
ported by our present evidence. However, these 
antisera to lipovitellin lose much of these anti-lipid 
antibodies when they are kept in the liquid state in 
the cold, and this loss may well be due to gradual 
precipitation of the anti-lipids by the ordinary lipids 
in the antiserum. 


Table 3. Composition of some precipitates obtained 
from mixtures of lipovitellin and the globulin 
fraction of rabbit antisera to lipovitellin 


(A solution (1 vol.) of a freeze-dried anti-lipovitellin 
serum (mixed sera) was mixed with 1 vol. of saturated 
(NH,),SO, solution and the precipitated globulins were 
dialysed against 0-9% NaCl at about 4° until free from 
(NH,).SO,. After the addition of 0-9% NaCl to give 0-5 vol. 
the antibodies were labelled with!I by very mild iodination 
(final vol. of 1 vol.). Differential radioactivity determinations 
measured the amount of antigen and antibody in the various 
precipitates, but the values for antibody are omitted from 
the table below since they have no bearing on the problems 
discussed in this paper. All the weights given in this table 
are in yg./ml. of antiserum used.) 


Composition of the lipovitellin- 


Antigen (lipovitellin) anti-lipovitellin precipitate 
A... A 





’ a ~ € 7 
Lipid* P Lipid P 
as % of as % of 

Total* P total P Lipid P_  Vitellin P total P 

(ug-) (%) (4g-) (ug-) (%) 
125 62 26-6 58 82 
167 62 30 6-9 82 
209 62 37-2 76 83 
251 62 40 7-6 84 


* Results obtained by colorimetric P determinations; all 
the other figures in this table are calculated from measure- 
ments of radioactivity compared with those of standard 
preparations of lipovitellin and of vitellin, and are therefore 
independent of differences in the *P/*!P ratios of vitellin and 
phospholipin. 


Our antisera to lipovitellin contained very little 
phospholipin (less than one-tenth that in our other 
antisera and normal rabbit sera), and the amount in 
the precipitate which separated from 6 ml. of anti- 
serum on storage was undetectable. Significant 
amounts of lipid were, however, present in this 
precipitate and it is not improbable that our anti- 
bodies to phospholipin are also capable of reacting 
with other lipids. Precipitate formation in these 
antisera may perhaps be merely a particular aspect 
of the functioning of the globulin antibody as a 
‘transporteur’ of lipid in the sense suggested by 
Grabar (1947); thus a higher ratio of ‘transporteur’ 
to lipid than that found normally in serum might 
well bring the mixture into the zone where precipita- 
tion occurs, in a manner analogous to that observed 
with varying antigen-antibody ratios in other 
systems. 
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Lipids undoubtedly take part in many, but not 
all, serological precipitations. Thus Hartley (1925) 
showed that normal human or horse serum proteins 
are not precipitated by their antisera when both 
antigen and antiserum are freed from ether-soluble 
constituents. Horse serum pseudo-globulin antigen- 
antibody precipitates, on the other hand, contain no 
detectable lipid (Marrack & Smith, 1931), and 
several other specific precipitates contain little lipid 
(see review by Landsteiner, 1945). Inourexperiments 
the possibility of non-specific carrying down of 
phospholipin by the antigen-antibody complex can 
virtually be excluded, since the phospholipin of 
lipovitellin is not carried down by unrelated antigen- 
antibody precipitates. 

It is not suggested that our results support the 
view that the lecithins and other phospholipins are 
fully antigenic. Since there is apparently little, if 
any, difference between the phospholipins of hen 
eggs and those of the mammalian body, it would 
be strange if the injection of egg phospholipins into 
a rabbit were to produce specific antibodies. 
Phospholipin firmly attached to vitellin would, 
however, be in quite a different category, and this 
‘foreign’ complex might readily engender several 
different types of antibody, some reacting with the 
protein and some with the phospholipin. In many 
respects the antibody response might be analogous 
to that following the injection of iodinated proteins, 
when antibodies are formed capable of combining 
specifically with 3:5-diiodotyrosine (Wormall, 1930), 
although this compound is a normal constituent of 
the body. Antibodies specific for the rest of the 
iodinated protein, if this protein is foreign to the 
injected animal, are also formed, unless iodination 
is so complete that the diiodotyrosine groups com- 
pletely dominate the molecule from the immuno- 
logical viewpoint. 

It would seem possible, therefore, that if lipid-free 
vitellin, or any other ‘foreign’ protein which is 
capable of combining firmly with phospholipin, is 
injected into the animal body, it might combine with 
the blood or tissue phopholipins to form a lipoprotein 
complex foreign to the body. The complex should 
then stimulate the production of antibodies reacting 
with phospholipins. Preliminary tests we have made 
with antisera to vitellin are in full agreement with 
this hypothesis, but a much more exhaustive 
investigation will be required before it is established 
that vitellin completely free from phospholipin can 
produce, when injected into a rabbit, antibodies 
capable of reacting with phospholipin. 


SUMMARY 


1. Lipovitellin containing *P has been used to 
study the lipid and vitellin P contents of lipovitellin- 
anti-lipovitellin precipitates. 
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2. Fresh anti-lipovitellin rabbit serum gives pre- 
cipitates which have significantly higher lipid P/ 
vitellin P ratios than has the lipovitellin used as 
antigen. 

3. This ability of the antiserum specifically to 
react with phospholipins is lost when the sterile 
serum is kept for some weeks in the refrigerator, 
probably because of interaction, with precipitate 
formation, between the antibodies and the normal 
lipids in the antiserum. These antisera do not lose 
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their ‘antilipid’ antibodies when kept in the freeze- 
dried state. 

4. The significance of antibodies to phospholipins 
is briefly discussed. 


The authors are pleased to record their indebtedness to 
the Medical Research Council and the Central Research 
Fund of the University of London for grants (to A. W.) 
which have partly defrayed the expenses of these investiga- 
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